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The purposes o f  th is  study were to i n i t i a t e  a data base on so i l  
fr o s t  occurrence in western Montana and to compare spatial  and 
temporal variation and ch arac ter is t ic s  o f  so i l  f r o s t  among 
c learcuts  and adjacent fo res t  stands. A systematic sampling grid 
was estab lished  at  two elevations  with 31 fro s t  tubes in each o f  
the fo re s t  stands and 16 fro s t  tubes in each of  the adjacent  
c learcuts .  Soil f r o s t ,  a ir  temperature and snow depth data 
c o l lec ted  over the freezing season (November through April) were 
used to explain temporal v a r ia b i l i t y  and patterns o f  spatial  
v a r ia b i l i t y .
Soil  f r o s t  penetrated approximately four times deeper at  the 
1250 meter e levat ion  s i t e s  than at the higher 1800 meter s i t e s .  
Frost penetrated about 33% deeper in forested stands than 
clearcuts  at the same e levat ion .  The timing o f  freezing a ir  
temperature combined with the presence or absence of snowcover 
played the most important role in s o i l  f ro s t  penetration.
S p a t ia l ly ,  s o i l  f r o s t  was highly variable at 50 centimeter  
and 5 meter grid spacing. Coeff ic ients  o f  variation were three 
times greater at  the 1800 meter s i t e s  than at the 1250 meter 
s i t e s .
Frozen s o i l  began to thaw from the subsoil  up a f ter  30 
centimeters o f  snowcover had formed and thawed from the surface 
downward upon complete snow melt.
n
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Chapter I. I N TRODUCTION
Soil frost influences infiltration, ove rl an d flow, 
s t r earn flow, ground water recharge and movement, channel 
and soil erosion, water q u al i ty  and é v a p o t r a n s p i r a t i o n  
(Dingman 1975), It is important for land managers to 
have an u n d e r s t a n d i n g  of frost o c cu rr e n c e and dynamics 
for many reasons in f r os t- pr on e areas. R ai n -o n -s n o w  
floods may be more severe and mass e ro sion a c ce le ra te d 
as a result of frozen soil. K n o w le dg e of frost depth 
is n e c e s s a r y  for p r ot e ct i ng  water lines and designing 
roads. Frost heaving of seedlings may set back p o s t ­
harvest regeneration.
Lit tl e is known about the temporal or spatial 
c h a r a c t e r i s t i c s  of soil frost in n o r th e rn  Rocky 
M o u n t a i n  forests. A 1984 literature search conducted 
by the U.S. Cold R eg io ns  R e s e a r c h  and E n g in e e r in g  
L a b o r a t o r y  located 438 r e fe rences dealing with frost 
depth, development, d u ra t i o n  and distribution. None of 
the studies had been c o nd u c t ed  in the n o r t h er n  Rocky 
Mountains. W hile the studies allow cert a in  
g e n e r a l i z a t i o n s  c o nc e r n i n g  soil frost d e ve lo p me n t  to be 
made, they do not s upply s u f fi ci en t i nf ormation to 
a ll o w q u a n t i t a t i v e  a p p l i c a t i o n  of results to our 
region. D i ng m an  (1975) reviewed literature on the 
h y d r o l o g i e  e ffects of frozen ground and environmental
Page 1
Page 2
v a r i a bl e s related to its occurrence. He cited 172 
references, but none were from the n o rt h e r n  Rocky 
M o u n t a i n  region. D i n g m an  stated that enough 
d e s c r i p t i v e  data had been coll ec te d and p riority should 
be given to m o d e l in g  studies. However, in the northern 
R ocky M ou n ta i n s  this is not the c a s e .
Nimlos and King (1986) interpreted the presence of 
frozen ground from e x i st i n g  Soil C o n s e r v a t i o n  Service 
soil t e mp e r a t u r e  records. They indicated specific 
r es earch needs in the area of frozen ground, and 
r e c om m en d e d  that spatial v a ri a b i l i t y  in wildland frost 
d i s t r i b u t i o n  receive highest priority. Further, they 
s u g g es te d d e te r m i n i n g  d ur a ti o n of soil frost in 
w i l d la nd s b e ca u se  of its many Impacts on wildland 
m a n a g e m e n t - r e l a t e d  activities. Hep 1er (1 9 8 4 a ), in one 
of the few recent forest soil frost studies, found 
great spatial v a r i a b i l i t y  of soil frost in and between 
cover types in Vermont and he strongly recom m en de d 
further r e s ea rc h on the subject. This present study 
was d e s i g n e d  to Initiate a soil frost data base in the 
n o r t h e r n  R oc ki es  and begin m e et in g  some of these 
r e s e a rc h  needs.
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A. O B J E C T I V E S
The purpose of this study was to begin to d e scribe 
spatial and temporal c h a r a c t e r i s t i c s  of soil frost in 
the N o r t h e r n  R o ck y Mountains. S p e ci fi c  research 
o b j e c t i v e s  were the following:
1. To initiate a data base on soil frost o ccurrence 
in w e s t e r n  Montana.
2. To c o mp ar e spatial v a ri at io n and patterns of 
soil frost a m ong c l ea r cu ts  and adj ac en t managed forest 
stands at two elevations: 1250 meters and 1800 meters.
3. To c om pa re  the temporal c h a r a c t e r is t ic s  of soil 
frost among those same c 1 earcuts and adj ac en t stands.
PAGES MISînJMBERED 
(No page
C h ap t er  II. STUDY DES I GN  AND METHODS
Spatial v a r i a t i o n  and patterns of forest soil 
frost were a n a l y z e d  with a s y st e ma t ic  grid of 5 meter 
m a c r o s c a l e  s pa cing and 50 cen ti me te r m i c ro sc al e 
spacing. Temporal c h a r a c t e r i s t i c s  of forest soli frost 
that were e xam i ned include soil frost development^ 
s t a b i l i z a t i o n  and thaw.
SITE D E S C R I P T I O N
Loca t i on
The study sites are located in M i ss ou la  County, 
M o n t a n a  (Figure 1). The 1250 meter site (low site) is 
located in L ub r ec h t  Expe r im e nt al  Forest, 48 kilometers 
n o r t h e a s t  of Missoula, M o n ta n a  on H i gh wa y 200. This 
site is in a thinned stand of L o dg e po le  pine, NE 1/4 of 
the NE 1/4 of S e c t i on  12, T.13 N . R.15 W ., O.S
k il om et er s n o rt he a st  of L u b re ch t Forest Headquarters.
The 1800 meter site (high site) is located 58 
k i l om e te r s  n o r t h e a s t  of Missoula, Montana, 10 
k i l o m e t e r s  up the Gar ne t Range Road from High wa y  200 on 
p ublic land m an ag ed  by the B u re au  of Land Management. 
This site is a L o d g e p o l e  pine stand in the SE 1/4 of 
the SW 1/4 of S e c t i on  29, T.13 N . , R . 14 W.
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The cle ar cu t study plots occupy 450 square meters 
at each elevation, and the managed stand study plots 
occupy 900 square meters at each elevation. Slopes at 
both sites are less than 15 percent and primary aspects 
are northwest.
C 11mate
W e st e rn  M o nt an a has a temperate continental 
climate m o d i f i ed  by Paci f ic  ma ri ti me  influences. L o n g ­
term a ve ra ge  m on th ly  t em peratures range from -6 ®C to 
18 . P r e c i p i t a t i o n  for the region p ri marly occurs
during, late spring iMay to June) and mid winter 
(November to January). Late spring p r e c ip i t a ti o n  is 
t ypic a ll y d o m i na te d by c o nv e ct iv e thunder storms.
Winter p r e c ip i t a t i o n  is ma in ly  frontal a s so ci a te d  with 
cyclones o ri gi n at i n g  in the n o rt he rn  P ac if ic  Ocean.
The m o un ta i ns  produce a strong o r og ra p h i c influence. 
A v e ra ge  annual p r e c i p i t a t i o n  for west e rn  M o nt a na  is 51 
cm, but ranges from 25 to 250 cm because of the 
o r o g r a p h i c  effect. F o rty to fifty percent of the 
a v e r ag e  annual p r e c i p i t a t i o n  at the study sites occurs 
in the form of sleet and snow.
Geo 1ogy
The bedrock at the low site is Bonner q uartzite of 
the Belt S u p e r g r o u p  (Brenner 1964). This Precambr ian
Page 8
rock type is p r e d o m i n a t e l y  thick-bedded, medium 
grained, f e 1d s p a t h l c - q u a r t z i te. Silty Glacial Lake 
M i s s o u l a  s e di me nt s and T e r t i a r y  b a sin deposits over lie 
the Bonner q u a r tz it e (Dutton 1982).
The g e ology of the high site was desc ri be d by 
K a u f f m a n  (1963). The quart zi te  bedrock of the 
P r e ca mb r i an Ga rn et  Range F o r ma t io n has been cut by 
T e r t i a r y  v o l ca n i c  dikes and sills. The area was not 
glaciated. Glacial Lake M i s so ul a did not reach the 
high site as its highest e l ev at io n was 1280 meters.
The last major geologic event a f f e ct in g the study areas 
was the e r up t i o n  of Mount Mazama 6600 years ago. An 
ash layer was not o b s er ve d at the low sites, but soil 
pits dug at the high sites revealed a d is co nt i nu o u s  7 
cm thick ash horizon.
Soils
Soil p ro files were descr ib ed  and classi fi ed  in 
a c c o r d a n c e  with Soil Su r ve y Staff (1975) procedures.
The soil at the low site is cla ss i fi ed  as a fine-silty, 
mi xe Udic Usochrept. The profile d e s c r ip t i o n follows:
H o r i z o n  D ep th  (cm) D e s c r i p t i o n
□i 3-0 Very dark grayish b r ow n  (lOYR 3/2),
very dark brown (lOYR 2/2) dry; very 
s l i gh tl y acid (pH 6.5); n o n c a 1 c a r e c u s .
0-25
2 5- 5 0 +
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Light gray (lOYR 7/2), silt loam, 
g rayish brown (lOYR 5/2) dry; slightly 
hard, friable, sticky and slightly 
plastic; a l ka l in e (pH 8.0); 
n o n c a 1 c a r e c u s .
Light b r ow n is h  gray ClOYR 6/2), silt 
loam, white (lOYR 8/2) dry; very hard, 
firm, sticky and plastic; alkaline (pH
8.0); n o n c a 1 c a r o u s .
The soil at the high site is classi f ie d as a 
l o a m y - s k e l e t a l , mixed T yp i c C r y o c h r e p t . The profile 
d e s c r i p t i o n  follows:
H or i z o n  D e pt h (cm) 
Oi 7-0
And i c 
Bw
0-7
7-26
2C 26-50+
D e s c r i p t i o n
Black (lOYR 2/1), black (iOYR 2/1) 
dry; very sli g ht ly  acid (pH 6.5); 
noncaI c a r e c u s .
Discontinuous, silt loam.
Dark ye ll ow  brown (lOYR 3/4), sandy 
loam, grayish brown (lOYR 5/2) dry ; 
weak m e d i um  subangular blocky 
structure; soft, friable, nonst ic ky  
and nonplastic; many fine and medium 
roots; neutral (pH 7 . O );n o n c a 1 c a r e o u s , 
a b ru pt  irregular boundary.
B r own (lOYR 5/3) gravelly sandy loam, 
light b r ow ni sh  gray (IOYR 6/2) dry; 
very weak m e di u m subangular blocky 
structure; slightly hard, friable, 
n o n s t i c k y  and nonplastic; neutral (pH
7.0); n o n c a 1 c a r e o u s .
V eg e ta t i on
An e v e n - a ge d  L o d g e p o l e  pine (Pi nus conto r t a ) stand 
was e s t a b l i s h e d  at the low site following a 1932 fire. 
The habitat type (Pfister et ai. 1977) is Doug 1 a s - 
fir/Dwarf h u c k l e b e r r y  (P s e u d o t s u g a  mens i es ii/V a c c in lu m 
cesp i t o s u m ) (P S M E / V A C A ). Doug 1 as-fir is r e g en er at in g
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t hr o ug h ou t  the site and snowb e rr y (S ym p ho r i c ar p os  
a 1 b u s ) and sp i r ea (Sp i rea be tu 1i f o 11a J dom in at e the 
u n d e r g r o w t h  vegetation. The low stand was thinned in 
1982 to a basal area of 25.9 meter s^ per hectare with a 
density of 875 stems per hectare. The low clearcut at 
this site was created in 1982.
The habitat type of the high site is Doug 1 a s - 
fir/Blue h u ck l e b er r y  (Pseud o tu s ga menz i es ii/V accinium  
g I o b u 1ar e ) (PSME/VAGL). Bear grass (Xerophylum t e n e x ) 
d om i na te s the undergrowth. The high uneven aged 
lodgepole p i ne /D ou g 1 as-fir stand was thinned in the mid 
1970*s to a basal area of 22.6 meters^ per hectare with 
a dens it y  of 1025 stems per hectare. Part this site 
was c 1 ear cut in 1985.
FR OST TUBES AND INSTALLATION
Soil frost tubes were c hosen over other methods to 
m ea s ur e frozen ground for many reasons. Frost tubes 
are simple and a cc u ra t e  instruments used for visually 
m e a s u r i n g  the depth of the O isotherm in freezing
and thawing soils (Rickard and Brown 1972). Data 
c o l l e c t i o n  using frost tubes is a n o n - d e s t ru c t i ve  
s a m pl in g technique, and the ease of s u cc e ss iv e sampling 
p e r mi ts  a statistical study. Frost tubes enable thaw 
m e a s u r e m e n t s  to be read from both the subsoil up as
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well as the ground surface down. Frost tubes are 
I ne x pe ns iv e and e asily constructed. Supplies average 
about five dollars per tube and c o n s t r u ct i o n  time is 
a p p r o x i m a t e l y  1 1/2 hour per tube.
McCool and Mo l na u (1984) e valuated various methods 
of d e t er m i n in g  frost depth and reported results of 
frost tube a c c u r ac y  tests. E s ti m at ed  frost tube 
a c c u r a c y  is about 2 cm from ground truth measurements. 
They c o n cl u d e d that the standard Cold Regions R es earch 
and E n g i n e e r i n g  L a bo r a t o r y  (CRREL) frost tube filled 
with a m e t h yl en e blue dye solution was easy to read but 
e x h i bi te d a lag in rapid tempe r at ur e c h a n g e s , 
e s p e c i al l y during thawing. The frost tubes showed a 2 
1/2 to 4 day lag when thawing from the subsoil up 
compared to soil m o i st u r e  blocks. In this study, the 
thawing lag was noted but not adjusted for because the 
study lacked ground truth m e a s ur e me n t s  and the results 
are to be used for c o m p a r a ti v e purposes rather than 
a b s o l u t e  values.
Frost tubes were c o n s t ru c te d  after McCool and 
M o l n a u  (1984) (Figure 2). The instrument consists of a 
rigid outer PVC tube that is p e r m a ne n t l y installed in 
the soil and a removable, clear flexible inner tube.
The inner tube contains a m e t h y l en e  dye solution that 
changes color from blue to clear upon freezing and back 
to blue upon thawing. Soil frost depth is thus easily
Paoe 12
Rubber stooner
Extended above 
expected snow 
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Fiqure 2. Frost tube construction. After McCool and Molnau (1984)
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o b s e r ve d  as the line s ep a ra ti ng  the clear and blue
portions of the tube.
Hep 1e r l19 8 4 b ) used similar frost tubes to study 
frost p e n e t r a t i o n  at Sleepers River R e search Watershed 
in Vermont and found that two m od if i c a ti o ns  improved 
the a c cu r a c y  of frost depth m e as ur e me n t s  relative to 
ground truth. He found that insulating the rubber 
stopper at the top of the PVC casing, and wrapping the 
inner tube with i n su lation at the ground surface both 
enh an ce d the lateral heat ex c ha ng e b e tw ee n frozen 
ground and the PVC casing, and m i ni mi ze d vertical heat 
transfer. These two m o d i f i c a ti o ns  on the CRREL 
standard frost tube were implemented in this study.
Hep 1er (1984b) also o bserved a frost cone effect.
Super cooling around the frost tube due to gaps between
the frost tube and the soil surface resulted in an 
e r ro n eo us  increase in frost penetration. Placing snow 
inside the melt cone around the frost tube, and taking 
care not to bend the PVC tubing during sampling reduced 
this error. T hese techni qu es  were employed in this 
study when possible. The two frost tube c on st r uc ti on  
m o d i f i c a t i o n s  and the frost cone effect are shown in 
Fi g ur e 3.
Several meth o ds  of frost tube i n stallation into 
the soil were tested to d e t e r m i n e  the most economical 
and sp ee dy  method. T h ese m et ho ds  Included: hand
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Fiqure 3. Frost tube modifications
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auger; power auger; split spoon auger; and h yd ra ul ic  
dr i ve n auger. Due to e xt r em e l y  dry soil, the hydraulic 
dr i ve n  auger proved most successful and was therefore 
used to drill all 94 frost tube holes. This technique 
a v o i d ed  v a r i a b i l i t y  in ins t al la ti on  method. R i gi d-one-  
inch d ia meter PMC tubing was placed in the auge r ed  four 
inch diameter holes, which were then b a c k f i l l e d  and 
packed with original native soil. The o r ga ni c horizon 
was r e c o n s t r u c t e d  at each tube to mimic natural 
cond i t i o n s .
Tube d esign Includes installing tubes 0.3 meters 
deeper than a n t i c i p a t e d  frost depth. This was 
a c c o m p l i s h e d  at the high site and low c 1 e a r c u t , but 
hard, rocky soils at the low stand p r oh ib i te d  drilling 
be y on d a p p r o x i m a t e l y  65 cm.
GR I D DE S I GN
Data from a p r e l i m i n a r y  study of soil frost at 
L u b r e c h t  Expe r im en ta l  Forest were used to c a lc ul at e the 
n umber of frost tubes n e ce s s a r y  to predict the sample 
mean frost d epth to w i t hi n  20% of the p o pu l a t i o n  mean 
at the 95% c o nf i d e n c e  level. A m in im u m of 10 frost 
tubes were required to a d e q u a t e l y  des cr ib e spatial 
v a r i a b i l i t y  of frost depth after 10 cm of frost had 
formed. A m i n i m u m  of 45 tubes were req u ir ed  prior to 
10 cm of frost development.
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It a p p e ar e d  that natural openings and other 
i r r e gu l a r at i e s  in the m a na ge d stands would require far 
more frost tubes than in the c 1 earcuts to c h ar ac t er iz e 
soil frost variability. Budget and time c o nstraints 
limited this study to a c o mp ro m is e  of 16 tubes in each 
of the c 1 ear cut s and 31 tubes in each of the forest 
stand s .
The s y st e m a t i c  grids of frost tubes in the 
c 1 ear cut s and a d j ac en t stands at both e l e v a t i o n  are 
d e p ic te d in Figure 4. Tubes were spaced 5 meters apart 
for m a c r o s c a l e  grids and c l usters of 3 tubes were 
spaced 50 c e n t i me t er s  apart for m i c r o s ca l e  grids. 
M i c r o s c a l e  cluster locations vary b e tw e e n  the sites. 
Grid locations and o r ie n t a t i o n s  were randomly 
selected. A buffer strip of one tree height 
( ap p ro xi m at e l y  15 m e t e r s ) sur ro u nd ed  the c 1 ear cut grids 
to m i ni m i z e  any edge effects.
DATA C O L L E C T I O N
The I n de p en de nt  vari ab le s that D i ng m an  (1975) 
found to influence soil frost were m ea su r ed  at both 
sites. T h i c k n e s s  of the o r g an i c  h or iz on  was measured 
at e a ch  frost tube location prior to tube 
installation. Soil m o is t u r e  content was d et er mi n e d  
g r a v i m e t r l c a l l y  for each soil h o r i z on  in the fall Just
M A N A G E D  STAND
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F i gu r e 4. Frost tube p l ac e m e nt  in the m a n a g e d  stands 
and the c 1 e a r c u t s . M a c r o s c a l e  grids have frost tubes 
spaced S meters apart and m i c r o s c a l e  grids have 
c l u st er s of 3 frost tubes spaced 50 c e n ti m e t er s  a p a r t . 
There are a total of 31 frost tubes in each of the 
m a n a g e d  stands and 16 frost tubes In each of the 
c 1 e a r c u t s .
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prior to the arrival of snow and frost, and a g ain in 
the spring i m m ed i at el y after thawing. Air tempe ra tu re  
( ® C > was m e a s ur e d at each e l e v a t i o n  with a 
hy g ro th er mo  graph housed in a standard instrument  
shelter. T aylor m a x i m u m - m i n i m u m  t h er m om e te r s  were used 
to check the h y g r o t h e r m o g r a p h s . Snow depth (cm) was 
m ea s u re d  at each frost tube at the time of frost 
observation. An a d h e s i v e  me t ri c tape was a t tached to 
each frost tube for a c cu r a t e  snow dep th  readings and to 
m i ni m iz e snow cover d i s t u r b a n c e  while reading. Due to 
below normal snowcover, snow dens it y  was not measured  
because the Federal Snow Sampler is not a c cu r a t e at 
snow depths less than 50 cm.
Frost depth at each tube was mea su re d by removing 
the flexible inner tube and v i su al ly  noting the 
m e t h y l e n e  dye color change from clear (frozen ground) 
to blue (thawed ground). An a d h es iv e met r ic  tape was 
a t ta c h e d to each inner tube for acc ur at e frost depth 
reading. Frost depths were recorded to the nearest 
centimeter. Care was taken during sampling not to 
d is t u rb  the s n o wp ac k s u rr o u n d i n g  the frost tubes.
Frost depth and o c c u r r e n c e  was m e a s u re d  from onset 
of f r ee zi ng  air t e m p er a t u r e  thro ug h c o m pl e t e  soil 
thawing (October 28 thro u gh  April 21). F r ost depth was 
m e a s u r e d  a p p r o x i m a t e l y  2 times per week dur i n g frost 
d e v e l o p m e n t  and thaw and w e e k l y  during frost 
s t a b i 1izat ion.
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Chapter III. L I T E R A T U R E  REVIEW
D in g m an  (.1975) reviewed the hyd r ol og ie  effects of 
s ea so na ll y and p e rm a n e n t l y  frozen ground. He reported 
that the major factors i nf lu en ci n g frost depth and 
o c c ur r en c e  in u n c u l t i v a t e d  soils (in a p p r o xi m a t e order 
of importance) were : air t em pe ra tu re  ; snowcover;
vegetation; t hickness of the orga ni c horizon; and soil 
m o is t ur e  content. D i n g m a n  (1975) defined frozen ground 
as e arth material that has a te mp er at ur e less than O 
r eg a rdless of water c o n te nt  or state of water.
Four types of f rozen ground have been r ecognized 
and are g e n er a ll y a c c e p t e d . The first was d escribed by 
Hale (1950), he introd uc ed  the term granular frost. It 
is c h a r a c t e r i z e d  by small ice crystals intermixed with 
soil particles. Post and Dre ibeIbis (1943) first 
p r op o se d the terms concrete, honeycomb, and sta l ac ti t e 
frost. Typically, c on c re t e  frost is s a tu ra te d or 
super s a tu ra te d frozen ground c on t a i ni n g ice lenses.
The tight b in di ng  of soil parti cl es  makes it 
im p er m ea b l e  and the ground is u s u a l ly  c o m p l e t el y  frozen 
solid ex c ep t for h y d r o s c o p i c  water. H o n e y c o m b  frost is 
c o m p o s e d  of granular crystals, but has a higher degree 
of c o n n e c t i o n  among ice c r ystals and a lower p or osity 
than granular frost. G r a n u la r  frost may pro g re ss  into 
h o n e y c o m b  frost. H o n e y c o m b  frost is e a si ly  br o ke n up
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and is permeable. S t a l a c t i t e  frost is identified by 
small needle like ice crystals a ligned v e rt i c a ll y  and 
e xt e n di ng  down into the soil form a thin heaved surface 
I aye r .
Most e arly resea r ch e rs  used the terms frozen 
ground or soil frost to indicate co n cr et e frost only. 
They relied on visible o cc ur re n ce  of ice lenses to 
c l as s i f y  soil as frozen. This differs from the 
c u r r e n t l y  a c ce p t e d d e fi n i t i o n  of frozen ground based on 
soil t e m p e r a t u r e .
AIR T E M P E R A T U R E
Soil fre e zi ng  is a heat transfer phenomenon. The 
rate of frost p e n e t r a t i o n  into a soil depends on the 
heat e x c ha ng e between the ground and air during both 
the f re ezing season and the p receding s u m m e r , because 
the net upward heat flux to the surface in winter 
depends on the amount of heat stored in the soil during 
the summer cBerry 1961).
D i n g m a n  (1975) c o n s i d e r e d  air t e m pe r at ur e the most 
i mportant factor in soil frost d e v e l o p me n t in 
u n c u l t i v a t e d  soils. Using r e gr es s io n  analysis, Nimlos 
and King c1986) found that freezing d e g r e e - d a y s , 
cal cu la te d as the s u m m a t i o n  of the number of degrees 
the a ve ra g e  d ai ly  t e m p e r a t u r e  was b e low 0 *̂ C b e gining
November 1 was a more influential i n de p en de nt  variable
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than snow d epth in p r e d i c t i n g  frost occurrence. Bay et 
al. (1952) studied the effects of air temperature, snow 
depth and v eg et at i ve  cover on c roplands in Wisconsin. 
When we e kl y m i ni m um  air t em pe ra tu re s were -25 ^C, 46 cm
of snow p r e ve n te d  frost p e n e t r a t i o n  beyond a depth of 
30 cm. When the a v er a g e  t e mp er at ur e dipped to -29 
81 cm of s nowcover were required to prevent frost 
p e n e t r a t i o n  beyond the same depth.
SN O W CO V E R
S no wc ov er  lowers heat transfer because air trapped 
in snow has a very low thermal conductivity. This poor 
heat transfer c h a r a c t e r i s t i c  causes the high insulative 
value of snowcover. Snowc o ve r thus reduces soil heat 
loss and mod i fi es  the soil tempe ra tu re  regime (Steppuhn 
1981). In general, the mean annual ground t e mperature 
is from 2 to 7 warmer than mean air temperature,
ma i nl y  due to the insula t iv e effect of s n o w c o v e r .
The inverse r e l a t i o n s h i p  of snowcover and soil 
frost d e v e l o p m e n t  has been w i de l y reported (Atkinson 
and Bay 1940, B e l o t e l k i n  1951, Sa k ha r ov  1945). Soil 
frost p e rs i s t e d  longer and d e v e lo p ed  38 cm deeper on 
plots w it ho ut  snow than on plots with snow in a 
M i nn e s o t a  oak stand CThorud 1964). B ul l ar d (1954) 
review literature of soil frost in the n o r t h w e s t e r n
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U n it ed  States and asserts that a snowcover of 90 cm is 
s u f f ic i en t  to prevent frost penetration. F rozen soils 
thawed under snow depths of 25 cm or more, but change 
in air t e mp er a tu r e during this time was not reported 
C  B u 1 Iar d 1954).
T h or u d  (1964; compared the effects of snow, 
litter, and soil c o m p a c t io n  on the soil frost regime 
and d et e rm i n e d that snow had the greatest influence on 
frost development. In addition, he found that snow 
a m e l i o r a t e d  the effects of c o m pa ct i on  and possibly the 
effects of litter removal. Ding ma n (1975) ranked snow 
depth and d en si t y second to air t e mp erature in 
import a nc e for frost formation.
The m od e ra t i n g effect of snowcover on soil 
t e m p e r a t u r e  has also been a s so ci a t e d with the duration 
of the cover- H a y h o e , Topp and Edey (1963) observed  
that m i dw in te r thaws w h ich melt snowcover and are 
fo l lo we d by cold air t e mp e r at ur es  and no new snow 
result in e x t re m el y  cold soil temperature in the top 20 
cm. They point out that data expressed as mean mont h ly  
soil t e m p e r a tu r es  o ften smooth over these extremes.
V E G E T A T ! ON
V e g e t a t i o n  affe ct s soil frost in several ways. 
Plant cover reduces heat r a di a ti on  from the soil. 
T h e r e f o r e  in the winter, forest m i c r o c l i m a t e s  are
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s l i g h t l y  warmer than m i c r o c l i m a t e s  in the open. Tree 
c an op ie s intercept snow, reduce wind r ed is tr i bu t io n  of 
s now c ov er  and shade the snowcover on the forest floor 
which delays snow melt. Plant cover produces litter 
and I nc o rp or at es  o r ga ni c matter into the soil. 
V e g e t a t i o n  also stabil iz es  the soil and m aintains its 
p o r o s i t y  by its root system. (Bullard 1954). In a 
study rel at in g snow depth, frost depth and vegetative 
cover in Wisconsin, A t k i n so n  and Bay (1950) reported 
that the insulative effect of the veg et at iv e cover 
a p pe a rs  to d o mi na te  that of snowcover s . They found 
that soil frost formed twice as deep in B 1uegrass sod 
and five times as deep in plowed fields than in wood 
lots. (Figure 5).
B e l o t e l k i n  (1941) studied the effects of forest 
cover on soil freezing depth and duration. He found 
that forest cover dela y ed  soil freezing but that frost 
r em a in ed  in the ground longer and deeper under red 
spruce stands than in the open or in hardwood stands.
Bay (1958) c o mp ar ed  soil freezing on four 
d i f f e r e n t  cover types in n o rt h e r n  Minnesota, and found 
that h a r d w o o d  stands were more e f fe ct i ve  in reducing 
frost f o r m at i on  than dense fir stands, but that forest 
cover in general reduced the f or ma ti on  of concrete 
frost.
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Figure 5. Snow depth, frost  deoth and vegetative cover 
in f luences ,  a f te r  Atkinson and Bay 1940.
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The effect of v e g e t a t iv e  cover on frost depth and 
d u r a t i o n  was also studied by Kle nh ol z  (19A0J in 
C o n n e c t i c u t  under several forest conditions, sod and 
plowed fields. He found frost p e ne tr a ti o n  to be about 
twice as deep in the open fields than in six forest 
types i n cluding h ardwoods and conifers. P ierce et al. 
<1958) studied c o nc re te  frost depth and d u ra t i o n in 18 
d i f f e r e n t  land use con d it io ns  (non-forest, disturbed 
forest and u n d i s t u r b e d  forest) in 6 sites from Maine to 
P e nn sylvania. The n o n- fo r es t  sites had the greatest 
frost depth and highest rate of frost occurrence. In 
the fo r es te d sites, c o n cr et e frost occurred twice as 
o ften and twice as deep in conifer stands than in 
h ar dwood stands. Pi er ce  reasoned that h a rdwoods have a 
deeper i n su lating s n owcover than conifers.
O R G A N I C  H O R I ZO N
A number of e xp er i me n ts  have found an inverse 
r e l a t i o n s h i p  b e t w e e n  litter dep t h and freezing depth. 
B u l l ar d  (1954) stated that o r ga ni c matter in the soil 
slows the rate of soil freezing and p r events the 
f o r m a t i o n  of c o n cr et e  frost. He further reported that 
in most cases 10 cm of litter on the soil surface 
p r o v i d ed  s u ff i c i en t  i n su la ti on  a g ainst soil freezing.
Snow d ep t h was similar on all six forest types 
that K i e n h o l z  (1940) studied. Therefore, he c on s id er ed
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other factors r e sp on si b le  for the d i f f e r en c e  in frost 
depth, m a i n l y  litter on the forest floor.
"Under a c c u m u l a t i o n s  of leaves in depre ss io ns  
the frost barely pen et r at ed  to the mineral soil 
w he r e a s n e a rb y in the same forest type, where the 
wind had swept most of the leaves away, frost 
p e n e t r a t e d  into the mineral soil nearly as deeply 
as in the plowed field" (Kienholz 1940)
M a c K i n n e y  (1929) o b s er ve d  that a 5 cm layer of needles 
under a 28 y e ar -o l d red pine stand retarded freezing in 
the mineral soil 30 days c o mpared with an area cleared 
of needles. Thorud (1964) compared the effects of 
snow, litter and soil c o m p a c t i o n  on the soil frost 
regime in a M i n n e s o t a  Oak stand. Plots where litter 
was r em o ve d  were c o mp ar ed  with natural plots. Snow 
d epth was the same on both plots. Litter removal 
in c re as ed  mean frost depth by 20 cm.
SOIL M O I S T U R E
W illis et al. (1961) related freezing depth to 
fall soil m o is t u r e  levels. Keep i ng  other p arameters 
equal he c o n s t r u c t e d  dry natural soil conditions, 
m o d e r a t e  soil m oi s tu r e c o nd it i o n s (profile wet 45 cm) 
and wet soil m oi s t ur e  c o n d it i on s  (profile wet 1.2 
meters). Dry soil froze deeper and faster than 
m o d e r a t e  and wet soil. However, these o b s e r v a t i o n s  are 
i n co n s i s t e n t  with the phys i cs  of heat flow in soils.
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The thermal c o n d u c t i v i t y  of soil depends upon the 
porosity, m o i st ur e content and organic matter content 
of the soil. With increasing m o is tu re  content, the 
thermal c o n d u c t i v i t y  of soil increases because the 
c o n d u c t i v i t y  of air is 100 times smaller than for 
w a t e r . The spe c if ic  heat of water is 1.0, all other 
soil c o n s t i t u e n t s  have much lower specific heats. 
Therefore, the heat c a p a c it y  of a typical soil 
increases with increa s in g water content. Thermal 
d i f f u s i v i t y  (thermal c o n d u c t i v i t y / h e a t  capacity) 
increases with increasing m o isture content until some 
mo d e ra t e  m o is t u r e  content (about 10%) and then 
d e c r ea s e s  at higher m o i st u r e  content. (Nimlos 1982, 
unpublished, H 11 lei 1980). Therefore, dry soils should 
freeze in a m od e ra t e  amount of time, moist soils (about 
10% moisture) should freeze quickest and wet soils (30 
to 40% moisture) should freeze slowest.
D i n g m a n  (1975) pointed out that earlier workers 
r e p o rt in g the o p po si te  r e la ti o n b e tw e en  soil moisture 
and frost depth were p r ob a b l y  misled because they 
relied on visual i d e n t i f i ca t i o n of frozen ground rather 
than soil t e m p e r a t u r e .
S P A T I A L  V A R I A B I L I T Y
Few studies have e x am in ed  spatial and temporal 
v a r i a b i l i t y  of soil frost. B u l la rd ' s (1954) review
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noted that the h y d r ol o gi e  s ig ni f ic a nc e  of concrete 
frost is limited because its o c cu r re n ce  is not 
c o n t i n uo u s over large areas. One study, based on 
numerous samples, reported con cr et e frost o ccurrence 
under d i f f e r en t  land uses: 6% heavy litter
c h a r a c t e r i s t i c  of o l d - g r o w t h  forest; 24% young forest 
stands; 35% grazed forest; 53% burned forest; 73% 
p as t ur e and cropland; and 93% bare soil (Bethlahmy 
1952). Air t e mp er a tu re s were not reported with these 
results on frost depth and could play a major role in 
frost occurrence.
D i n g m a n  (1975) reviewed R u ss ia n literature on soil 
freezing which d i s c us s ed  the role snowcover plays in 
m a i n t a i n i n g  small spatial v ar ia ti on  in soil temperature 
d e s p i te  large v a ri at i on s  in air t e m p e r a t u r e .
T E M P O R A L  V A R I A BI L I T Y
Hart (1963) noted that open fields froze three 
weeks b e fo r e frost d e v e l o p e d  in forested plots and that 
c o n c r et e  frost d i s a p p e a r e d  11 days earlier in the 
forest than in the open. He also o bs erved that year-to- 
year d i f f e r e n c e s  in snow d e pth and air te m pe r at ur e 
p r o d u c e d  large v ar i at i on  in frost o c c u r r e n c e  on the 
same sites. He found frost in conifers more 
s u s c e p t i b l e  to such y e ar l y  f l uc t ua t i o ns  than frost in 
har d w o o d s .
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T h ro u d  C1964) found that thawing rates in the 
spring were much more rapid than freezing rates in 
earlier winter. Faster thawing rates may have been due 
to higher spring time radiant flux density. During the 
earlier winter freezing period incoming solar radiation 
was much less than that received during the spring 
thawing period.
Kane et al. (1977) noted that the rate of thawing 
was a f u n ct i o n  of many factors including the initial 
m o is t u r e c ontent of the soil. The effect of higher 
m o is t u r e  content in the soil was two-fold. First, it 
reduced the h y dr au li c  c o n d u c t i v i t y  of the soil because 
ice o c c u pi e s a larger f r action of the pores. Second, 
the q u a n t i t y  of heat required to thaw an incremental 
volume is increased. Willis et al. (1961) observed 
that dry soil thawed from lower depths upwards to the 
s ur f ac e but wet soils thawed both upward to and 
do w n wa r d  from the soil surface. in both cases, ground 
surf ac e thawing c o in ci d ed  with co m pl et e melting of 
s n o w c o v e r .
Sartz (1957) r ep orted that open land soils froze 
first, then sof t wo od  forest soils, and finally hardwood 
forest soils. He also reported that hardwood soils 
thawed first, then open land soils and f in ally softwood 
forest soils. K ie n ho l z (1940) o b s er ve d that at all 
sites, frost b e gan to thaw from the top and bo t t om  at
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the same time and c o n t in ue d thawing that way until all 
frost disappeared. The last frost was found about half 
way b e t w e e n  the surface and the m a x i mu m  p en et ra ti on  
depth. Frost did not b egin to thaw until snowcover had 
disappeared. Both K ie n ho l z  I 1940) and B el o te l k i n 
(1941) o b se rv ed  that forest cover delayed formation of 
c on c re te  frost, and that frost p ersisted in softwoods 
after the ground thawed on open land.
S ch o l t z C1938) o b se rv ed  that soil began thawing 
under a 5 cm s nowcover in both an ungrazed wood 1ot and 
an open b l u e gr a s s  pasture. In the pasture the soil 
thawed b e g in n i n g at the ground surface and p rogressed 
d ow n wa rd  until c o m p l et e ly  thawed. In the wood 1o t , 
however, thawing took place only from the subsoil up.
Bay et al. (1952) ob s er ve d that under a deep 
snowcover, frost thawed from the bottom only. After 
s no w me It  b e gan frost thawed from both above and below. 
They also reported that in general, dense veg et at io n 
and s n ow co ve r  insulated soil and reduced rates of soil 
f r ee z in g and thawing.
T he r e remains much c o n f li c ti n g  evidence on the 
ef f ec t and import an ce  of air temperature, snow cover, 
vegetation, o r ga ni c horizon, and soil m oi s tu r e  on soil 
frost p e n e t r a t i o n  and occurrence. In general most 
r es e a r c h e r s  a gree that there is an inverse r e la ti o n s hi p
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b et w e e n  snow cover and soil frost depth and between 
o r g a n i c  horizon and soil frost depth. Most researchers 
also a g ree that canopy c o ve ra ge  reduces frost depth and 
occur r e n c e .
C HA P T ER  IV. RESULTS 
SOIL F RO S T  DATA BASE
A forest soil frost data base was initiated in 
w e s t er n  Montana. Soil frost p en et r at i o n  was measured 
and i nf lu e nc i n g  c l im a t i c data were colle c te d for the 
1985-86 winter. Site c h a r a c t e ri s t i cs  and the 
i nd e pe nd en t v a riables that D i ng ma n (1975) found to 
aff ec t soil frost were desc ri be d and m e a s u r e d .
S a mp l in g began October 28, 1985, and neither soil
frost nor snow had a c c u m u l a t e d  at any site. Frost 
be gan d e ve l o p i n g  on N ovember 2 at the high sites and 
was first o b se r ve d  nine days later at the low sites. 
However, once frost began to develop at the low sites 
it q u i ck l y s u rpassed that of the higher e l ev at i o n 
sites. Mean frost depth and snow depth at each site 
for the 1985-86 winter are shown in Figures 6 and 7.
Frost q ui ck ly  p en et ra t e d  at the low sites until 
s tab i 1i z t i on was reac he d on J an ua r y  10. A l t ho ug h frost 
d e v el o p e d deep es t at the low stand, the mean frost 
depth r e co rd ed  is a c t u a l l y  u n d e r e s t i m a t e d  because frost 
p e n e t r a t e d  deeper than 19 of the 31 frost tubes could 
record. At the low sites the ground thawed from both 
the ground surface down and from the subsoil up.
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T h a w i n g  p r oc e e d e d  rapidly once the snow cover was gone. 
(Figures 8 and 9).
M a xi m u m  a ve ra ge  frost depth at the high site 
o c c ur re d in mid December, Both the clearcut and stand 
at the high site e x p e r i e nc e d a gradual thawing trend 
d u ri ng  the rest of the winter. Complete thaw coincided 
with snow cover d isappearance. In the clearcut the 
ground thawed from the subsoil up while the stand 
thawed from both the subsoil up and the ground surface 
down. (Figures 10 and 11). Soil frost depth at each 
tube in the low and high sites during the 1985-86 
s a m pl in g se as on  are given in Appendix A.
Air T e m p e r a t u r e
Air t e mp er a t u re  was recorded with a 
h y g r o t h e r m o g r a p h  housed in a standard instrument 
shelter in the c 1 earcuts at each elevation. Taylor 
m a x i m u m - m i n i m u m  t h e r mo me te rs  were used to check the 
h y g r ot he rm og ra ph s.
Due to i n st rument failure and vandalism» a few 
gaps exist in the data. C o n t in u o u s data are needed to 
d e t e r m i n e  c u mu l a t i v e  freezing de g ree-days at the two 
e l e v a t i o n  sites, so m i ss i ng  data were filled in by 
s u r r o u n d i n g  stations. D a il y  m a xi m u m  and m in i mu m air 
t e m p e r a t u r e  recorded at L u b re c h t  h e a d q u a rt e r s  supplied 
the m i s s i n g  data at the low site. C 1 i m a t o 1o g 1c a 1 data
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Figure 8. Frost depth and snow depth at the 
low c learcut .
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Figure 9. Frost depth and snow depth at the 
low stand.
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Figure 10. Frost depth and snow depth at the 
high clearcut .
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Figure 11. Frost depth and snow depth at the 
high stand.
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has been c o ll e ct ed  since 1957 at Lub re ch t headquarters 
located less than i kilometer away and 30 meters lower 
in elevat ion,
The B u re a u of Land M an a ge m en t  collects sporadic 
c 1im a to Iog 1c a 1 data at Garnet Ghost Town located about 
8 k i lo meters away and 130 meters higher than the high 
site. U n fo rtunately, c o mp ar in g air temperature records 
b et w ee n both sites revealed no correlation. Therefore, 
t e m p er a tu r e s  were e s ti m at ed  for the gaps in the high 
e l e v a t i o n  records from the low elev a ti on  air 
t e m p er a tu r e  data.
W ei g h te d  mean air tempe r at ur e from October 1 thru 
April 15 was c a l c u l a te d  from the contin u ou s recording 
h y g r o t h e r m o g r a p h  charts by d e t e rm in i ng  air temperature 
at 2 hour intervals and c al cu la ti ng  a w e i gh te d daily 
a v e r ag e  air t e m p e r a t u r e . M a x im u m  and m in im um  daily 
t e m p e r a t u r e s  were also recorded.
M o n t a n a  c 1im a to 1o g i c a 1 data have been compiled by 
the National O c ea n ic  and A t m o s p h e r i c  A d m i n i s t r at i on  
CNOAA). W e s t e r n  M o nt a na  m o n t h ly  s u mm arized divisional 
air t e m p e r a t u r e  data can be used to c ompare trends from 
1985-86 winter to long term ave ra ge s (Figure 12).
C u m u l a t i v e  de g r e e - d a y s were c o mp ut ed  for the 
s a mp l in g period to comp ar e frost d e v e l o p me n t versus 
f re e z i ng  d e g r e e - d a y s  at both sites. Several different 
t e c h n i q u e s  for c om pu ti ng  d e g r e e - da y s  exist and depend
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upon w h e th er  heating or cooling degre e -d ay s are 
needed. In studies of freezing and thawing soils, 
d e g r e e - d a y  data are often computed above O degrees for 
thaw in g d e gr e e- d a y s and below O degrees for freezing 
degree-days. This was the method used in this study.
B e gi n n i n g  d e gr e e - d a y  a c c u m u l a t i o n  is not 
s t a n d a r d i z e d  and depe nd s upon whether heating or 
c oo l in g d e gr e e - d a y s  are needed. Fre e zi ng  that occurs 
bef or e October is t y pi c al ly  not permanent, so degree- 
day a c c u m u l a t i o n  b egan on October 1. This is also the 
b e g i n n i n g  of a new water year and provides bac k g ro un d 
data before the first frost de ve lo pm en t on November 2.
One freezing d e g r e e - da y  was counted for each whole 
degree that the daily w eighted mean tempe ra tu re  was 
below O ®C. So, for example, if the daily mean 
t e m p er a t u re  was -4 ®C, a total of neg at iv e  four degree- 
days were a c c u m u l a t e d  for that day. If the next d a y ’s 
w e ig h t e d  a v e ra g e te mp e ra tu re  was -10 ®C, the cumulative 
d e g r e e - d a y  is now n e ga t i v e  14. C u mu la t iv e  degree-days  
are plot t ed  a g a i n s t  sa mp li ng  days for each elevation  
during the 1985-86  winter. (Figures 13 and 14).
Sn o w co v e  r
National Weather Service standard e i g h t- i n c h rain 
and snow gages were installed in the c 1 earcuts at each
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elevation. P r e c i p i t a t i o n  m e as u r e me n ts  were made at the 
time of soil frost data collection. During most of the 
s a mp l in g season, p r e c i p i t a t i o n  fell as snow. Wind 
shields were not installed around the snow gages and 
snow m e a s u r e m e n t s  a pp ea r e d  to be inaccurate compared to 
surface a c cu mulation. Other snow data stations in the 
area use s t an da rd  snow cour s es  rather than snow g a g e s .
T hree c o o p e r a t i v e  snow survey courses are in the 
L u b r e ch t  E xp er im en ta l  Forest area. L u b re c h t  Forest 
snow course number 6 is located in Sec. 11, T . 1 3 N . , 
R.ISW. at 1230 meters elevation. Lub r ec ht  Forest snow 
c o ur se  number 3 is located in Sec. 19, T.13N. R.14W. at
1660 meters e l e v a t i o n  and 4 miles up the G a rn et  Range 
Road. The N o rt h  Fork of Elk Creek Snow C o u rs e is 
located in Sec. 20, T.13N., R.13W. at 1905 meters
e l e v a t i o n  (Figure 15). Long term snow depths have been 
m e a s u r e d  at these snow courses and are c o mp ar ed  to 1985 
86 winter snow depth a c c u m u l a t i o n s  (Figures 16-18).
Snow d ep t h a c c u m u l a t i o n s  at the low site (1250 meter) 
and high site (1800 m e t e r ) are shown in Figures 19 and 
20 for comparison.
M e an  snow depth at each sampling site are reported 
in A p pe n d i x  B.
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Figure 16. Lubrecht Forest snow course No. 6. 
Mean monthly snow depth at 1230 meters.
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Figure 17. Lubrecht Forest snow course No. 3. 
Mean monthly snow depth at  1660 meters.
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Figure 18. North Fork of  Elk Creek snow course.  
Mean monthly snow depth at  1905 meters.
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Figure 19. Snow depth at the low s i t e  (1250 meters),  
1985-86 winter.
TOO -
30 -
80 -
70 -
60  -
50 -
30 -
□ Clearcut 
+ Stand
20 -
DEC I JUN tFEB 1
DATE
Figure 20. Snow depth at the high s i t e  (1800 meters),  
1985-86 winter.
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O r g a n i c  H o r iz o n
T hi c k n e s s  of the o rg a ni c horizon was measured at 
each tube prior to tube installation. The organic 
matter dep th  at the 5 meter m ac ro sc a l e  spacing is 
d e s c r i b e d  by the foll ow in g  statistics:
O.M. D E P T H  (cm) mean s t andard 
deviat ion
variance n
1250m stand 1. 96 1. 69 2. 73 25
1250m c l e a r cu t 3. 15 2. 68 6. 45 10
1800m stand 5. 72 3. 76 13. 60 25
1800m c l ea rc ut 8.55 3. 44 10. 67 10
O r ga n ic  matter 
F i gu re s 21 and
depths at
22.
each frost tube location are shown
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1250 M ETER STAND 
O R G AN IC  M A TT E R  DEPTH (cm)
0.4 0.3 3.5 1.5 0.8
50 cm O O 1 , 4 1 , 4
spac in g 0 1.6 1.4 0.7 0.4
2.4 7.3 1.3 1.6
0.5 0.5
1.6 0.5 2.3 4.5 2.1
5 m 
spacing
4.2 2.1 2.0 2.6 3.8
1250 METER C L E AR CU T 
O R GA N I C  M A T T E R  DEPTH (cm)
1.5 3.0 2.0
3. O
O. 5
2.5 8.0
2.0 2.0
2.0 5.0
5.0 5.0
7.0
F i gu r e  21. O r ga n ic  matter depth at 1250 meter site at 
frost tube locations. 5 meter and 50 c en ti me t e r  grids 
spac i n g .
1800 METER STAND 
O R GA N I C  M AT T E R DEPTH (cm)
Page 4.9
1.7 1.7 
50 cm 1.7 
spac ing
2. 5 0.6 2-4 1.5
14.5 3.5
7.4 7.4 
6.8 3.9 7.4
S m 
spacing
11.4 4.6 3.4 6.3 7.2
5.3 5.3
5.3 12.0 4.8 4.3 3.0
5. 2 3.4 11.0 4.2 12.2
1800 METER C L E AR CU T 
O R G AN I C  M A T TE R DEPTH (cm)
10.5 13.0
6.0 6.0 
7.0 6.0
8.5 8.5 
8. 5 15.0 4.0
5.5 5.5 
5.5 7.0 9.0
F ig u r e  22. O r ga n ic  matter d ep t h at 1800 meter site at 
frost tube locations. 5 meter and 50 c e nt im e t e r grid 
spac ing.
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Soi 1 M o is tu re
Soil m o is tu re  content was determ i ne d 
g ravimetricaI 1 y for each soil horizon in the fall just 
prior to the arrival of snow and frost and immediately 
after thawing. Two samples were taken from each 
horizon, sealed in air tight cans, weighed, oven dried 
at 110 for 24 hours, r e weighed and a v er ag ed  (Brady
1984 ;. Soil moisture, like many soil properties, is so 
v ar iable that a large number of samples must be taken 
to give an u n b ia se d  e st imate of the true m e a n . A rmson 
(1977) found that the d i s t r i b u t i o n  of soil mo i st ur e 
values b e gan to a p p r o ac h  n o r ma l i t y when 40 to 60 
s amples were taken. In this study, soil m oi s t u re  was 
m e a s u r e d  to obt a in  a rough estimate and for annual 
c o m p a r i s o n s  only. The e q ua t i o n used to d e te r mi ne 
m o i s t u re  content follows:
% H 0 = (wet w t .- oven dry w t . )/oven dry w t . * 100.
2
The f ol l ow in g chart presents soil m o is t u r e content 
b efore and after the ground froze at each site:
S OIL H O R I Z O N  SOIL M O I ST U R E  C O NT EN T
FALL SPRING
1250M C L E A R C U T
4-0 cm, o r g a n i c  h or iz on  174% 61%
0-25 cm 17% 25%
2 5 -5 0 + cm 15% 17%
1250M S TA N D
4-0 cm, o r g a n i c  hori zo n 161% 82%
0 - 3 3  cm 14% 30%
3 3 -50+ cm 11% 14%
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1800M C L E A R C U T
9-0 cm, o r g a n ic  h or izon 193% 182%
0-7 cm, and i c horizon 37% 33%
7-26 cm 31% 15%
26-50+ cm 10% 8%
1800M STA N D
8-0 cm 90% 193%
0-20 cm 28% 25%
20-40 cm 8% 23%
Soil m oi s tu r e  c o nt en t  in the fall of 1985 was 
p ro b a bl y  higher than normal due to the e x tr em el y  wet 
A ug u s t and September. 1985-88 p r e c ip i t a t i o n  patterns 
can be c o m p a re d  to previous years and historic 
averages. W e st e r n  M o n ta n a divisional p r e ci p i t at i on  
data i n cluding total m o nt h l y  p r e c ip i t a t i o n  and 
d e p a r t u r e s  from normal are given in Fi gu re  23.
Ti m in g of soil m o is t ur e  sample c o ll e c t i o n  at the 
low e l e v a t i o n  site in the spring was d el ayed because 
the ground thawed from both the ground surface down and 
the subsoil up leaving a frozen soil lens in the 
center. Soil m oi s tu r e  samples were coll ec te d after the 
ground had c o m p l e t e l y  thawed.
P a r t i c l e  size d i s t r i b u t i o n  a n alysis was performed 
on soil samples from each h or i zo n at each e l e v a ti o n  in 
an a t t e m p t  to c o r r e l a t e  their water holding 
c a p a b i l i t i e s  to soil type. Coa r se  and fine sieve 
a n a l y s i s  were p e r f or me d on soil samples from the low 
c 1 ear cut site and the high c l ea r cu t site. The standard 
AS T M sieve a n a l y s is  y ie ld e d  the follo w in g results:
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Figure 23. Long term and 1985-86 mean monthly Western 
Montana p rec ip ita t ion .
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1250 m site 
0-25 cm
25-50+ cm
1800 m site 
0-7 cm
7-26 cm
26-50+ cm
grave I 
3. 2%
5. 0%
22. G% 
16.5% 
33. 0%
sand 
16. 6% 
16. 3%
33. 9% 
48. 7% 
41.2%
silt & cl ay 
80. 2%
78. 7%
43. 5%
34. 8%
25. 6%
M echanical a na ly s is  of the fine material (less 
than 2mm) was p e rf or m ed  using the Standard ASTM 
H y d r o m e t e r  Method. The results follow:
1250 m site 
0-25 cm
25-50+ cm
sand
22%
22%
silt
64%
63%
c 1 ay texture
14% silt 1oam
15% silt 1oam
1800 m site
0-7 cm 46%
7-26 cm 55%
26- 5 0 +  cm 50%
50%
42%
47%
4%
3%
3%
sandy
silt
sandy
1 oam 
1 oam 
1 oam
sandy loam
C l a y  m i n e r a l o g y  a n a l y s i s  (Jackson 1956) was begun 
to d e t e r m i n e  the type of clay m i n er al s present in the 
soil horizons. After much work this e x er c i s e  was 
d r o p p e d  due to o r ga ni c matter interference.
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S P A T I A L  V A R I A B I L I T Y
Soil frost was s pa t i a ll y  con t in uo us  at all sites 
du r in g the 1985-86 winter. This finding was in 
c o nt r as t to B u l l a r d ’s (1954) review of soil frost in 
n o r t h w e s t e r n  Un it ed  States where most studies reported 
d i s c o n t i n u o u s  soil frost. These early researchers 
t yp ic al ly  m e a su r e d  soil frost by probing for 
im p er me ab le  c o n cr et e frost or visual inspection for ice 
lenses. The d e f i n i t i o n  c u rr e n t l y  a cc e pt e d for frozen 
ground is based on soil t em pe r at ur es  below O 
r eg a rd le ss  of water content or state (Dingman 1975).
Spatial v a r i a t io n  and patterns of soil frost 
p e n e t r a t i o n  were c o m p ar e d b e t w e e n  the c 1 earcuts and 
forest stands at all sites. S y n a g r a ph i c  M a pp in g System 
(SYMAP), a computer graphics prog r am  d ev e lo p ed  by the 
H a r v a r d  Center for E n v i ro nm e nt al  D e si g n was used on the 
2060  main frame at the U n i v e r s i t y  of M o n t a n a  to 
g ra p h i c a l l y  repre se nt  variability.
SYMAP p a tt er ns  were gener at ed  for each sampling 
day on each of the four sites. The f ollowing sampling 
dates: N o v e m be r  15; D ec em b e r  3; J a n u a ry  17; Fe br ua ry
24; M a r c h  15; and April 4 show typical trends in 
spatial v a r i a b i l i t y  and are r e p r e s e n t a t i v e  of 
dev el op me nt , s t a b i l i z a t i o n  and thaw time periods during 
the 1985-86 winter (Figures 24-47).
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The graphical pat te rn s were d e v e lo p e d  from 
m a c r o s c a l e  (5 meter) and m i c r o s c a l e  <50 centimeter) 
spacing. SYMAP interpo la t es  b et w ee n data points. The 
values shown are actual frost depth m e asured by the 
C R RE L m o d i f i e d  frost tube gage at each data location. 
Darker shades indicate deeper frost development. Black 
areas indicate that frost p e ne tr a te d  deeper than the 
frost tubes could record. Mean recorded frost depth 
of the s u r p as se d tubes was 63 cm but frost p e ne t ra ti on  
ranged from 39 cm to 74 cm. White areas represent 
thawed ground and values of M represent m is si ng  data 
points. Data point locations, and site size are to 
scale, 1 cm e quals 2.5 meters.
1250 meter stand
F ig u re s 24-29 depict frost depth thro ug h  the 
winter at the low stand. On November 15, 1985 when
mean frost depth was 18 cm, three deep frost 
p e n e t r a t i o n  areas and two shal l ow  areas were apparent. 
These trends c o nt i nu e  thro u gh  F e b u r a r y  14 with frost 
d e v e l o p i n g  deeper at all tube locations. The solid 
b l ac k areas w hi c h a ppear on D e cember 3 and continue 
t h r o u g h  the F e b r u a r y  14 SYMAP graph indicates areas 
where frost d e ve l o p e d  deeper than the frost tubes could 
record. F r ost depth s u rp a s s ed  18 of the 31 tubes on 
J a n u a r y  17 and 19 of the tubes by F e b u r a r y  24. Mean
Page 56
depth of the s u rp as se d tubes was 63 cm. Rocky soils 
p r o h i b i t e d  d r illing beyond a p p r o x i m a t e l y  65 cm, so 
frost tube depths were limited.
By March 15, only 12 of the frost tubes had frost 
p e n e t r a t in g  deeper than the tubes could r e c o r d . Thaw 
from the subsoil up oc c ur re d at the remaining tubes and 
it can be Inferred that the 12 locations where frost 
was still deeper than the tubes could record were in an 
ac t iv e thawing stage. Thaw from the ground surface 
down had c o m me n ce d by this date at 10 of the tubes with 
a me a n surface thaw depth of 2.3 cm. On April 4, five 
tubes still recorded frost deeper than the tubes were 
installed. Four tubes had c o mp le t el y  thawed and all 
frost tubes had thawed from the ground surface down an 
a v e r a g e  of 18 cm.
The general soil frost c o n d it i o n  of the low stand 
on April 4 had a f rozen soil lens a v er a g i ng  32 cm thick 
e xt e n d i n g  from 18 cm deep to 50 cm deep, but c onditions 
ranged from c o m p l e t e l y  thawed to totally frozen 
ground. The low stand had c o mp l e t e l y  thawed by April 
20.
1250 meter cle ar cu t
Spatial patterns of frost depth d i s t r i b u t i o n  at 
the low c l ea r c u t  site are shown in Figures 30-35. A 
deeper zone in the sout h we st  corner of the sites
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d ev e l o p e d  on November 15 and persi st e d through the 
winter. There was a shallow zone near the center of 
the site also on No v em be r 15 which remained thoughout 
the w i n t e r .
On M a rch 15, the ground had thawed from the 
surface down at 13 of the 15 tubes to an aver a ge  depth 
of 6 cm. By April 4 all tubes were c o mp l e t e l y  thawed.
1800 meter stand
Frost depth patterns at the high stand are 
d i sp l ay ed  in F igures 36-41, Frost d e ve l op ed  deepest In 
a central band across the site in November and 
p er s i s te d  thro ug h the winter until c o mplete thawing in 
April. A s ha ll ow  zone d e ve lo p ed  in J a n ua r y  along the 
s o ut h ea s t  edge of the site and thawed by M ar c h 15. On 
April 4, snow depth a ve ra g e d  9 cm. Twelve of the tubes 
had thawed an a ve ra g e  of 5 cm from the ground surface 
down with an a ve ra g e frost d epth of 13 cm. Eight tubes 
were c o m p l e t e l y  thawed and the remaining 11 tubes were 
frozen an a ve r ag e of 4 cm down. The high stand was 
c o m p l e t e l y  thawed by April 20.
1800 meter cle ar cu t
F ig u r es  42- 4 7  show spatial frost depth 
d i s t r i b u t i o n  at the high c 1 ear cut site. Deeper zones 
are p re se nt  in the central and s ou th we st  corn e rs  of the
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site. S ha l l ow  zones formed in the remainder of the 
site and thawed by March 15. Frost depth at the site 
was r e l a t i v e l y  c on stant t h ro ughout the winter and 
thawing began at two of the tubes in early March. By 
M arch 15, half of the tubes were c om pl et e ly  thawed and 
by April 4, frost persi s te d at 6 tubes to an average 
depth of 4 cm. Snow cover by this time was reduced to 
an a v e ra g e  of 34 cm. Intermittent surf icial thawing 
oc c u rr e d  to a m a xi m um  of 1 cm at 4 tubes, but all tubes 
were r e f ro ze n by M arch 15. G e ne r a l l y  soil frost at the 
high c l ea rc ut  thawed from the subsoil up. Frost and 
snow were c o m p l e t e l y  a bsent by April 9.
Pane
Figure 24.  Soi l  f r o s t  depth at  the lov; stand.  
November 15,  1985.
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Figure 25. 
December 3,
Soil fro s t  depth 
1985.
at the low stand.
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Figure 26. S o i l  f r o s t  depth a t  the low stand
January 17, 1986.
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Figure 32. Sell  fros t  depth at the
low c learcut .  January 17, 1986.
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Figure 33. Soil forst  depth at the
low clearcut .  February 24, 1986.
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Figure 34. Soil f ro s t  depth at
low c learcut .  March 15, 1986.
the Figure 35. Soil frost  denth at
low clearcut. April 4, 1936.
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Figure 36. S o i l  f r o s t  depth a t  the high stand.
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Figure 37. S o i l  f r o s t  depth a t  the high stand.
December 3,  1985.
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Figure 38. So i!  f r o s t  depth at  the high stand
January 17, 1936.
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Figure 41. S o i l  f r o s t  depth a t  the high stand.
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high c learcut .  November 15, 1985.
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Spatial v a r i a b i l i t y  of soil frost can be 
g r a p h i c a ll y  r e pr es e n te d at the SO cm m ic ro s ca l e  level 
and 5 meter m a c r o s c a l e  level. Graphs showing maximum, 
mi n im u m  and mean frost depth throughout the sampling 
period at all sites are p re se nt ed  in Figures 46-63. 
Mi c r o sc a l e  clusters of 3 tubes spaced 50 cm apart are 
labeled m i c r o s c a 1e-A, m i c r o s c a l e - B  and m i c r o s c a 1e-C at 
each of the four s ampling sites. M ac ro s ca le  grids had 
25 tubes in the stands and 10 tubes in the c 1 earcuts at 
each elevation. Again, because frost d e veloped deeper 
than 19 of the 31 frost tubes could measure at the low 
stand true v a r i a b i l i t y  could not be determined.
S a mp l i n g day O is October 28, 1985. Some general
o b s e r v a t i o n s  can be made:
1) At all sites, frost depth range was greater for
the 5 m spacing than for the 50 cm spacing.
2) V a r i a b i l i t y  b e t w e e n  the three m i cr os c al e  clusters 
at each site was great. V a r i a b i li t y  ranged from zero 
to a b out 10 cm d i f f e r e n c e  b et we en  three tubes spaced 50 
cm a part at each of the sites.
3) At both grid scales, the low stand and c 1 earcut
e x hi b i t e d  small d e pth v a ri a b i l i t y  during the 
d e v e l o p m e n t  period, greater depth v a r i a b i l i t y  during 
the s t a b i l i z a t i o n  period and the greatest depth 
v a r i a b i l i t y  du ri ng  the thaw period. At the high stand 
and clearcut, frost depth v a r i a b i l i t y  was roughly the
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same t hr ou gh o u t  the three time periods at both grid 
s c a les.
1250 meter stand
M a x i m u m  frost depth v a r i a b i li t y  data at both the 
m i c r o s ca l e and m a c r o s c a l e  levels was Incomplete because 
frost depth ex c ee d ed  19 of the 31 tubes for most of the 
winter. Where frost depth e xc eeded tube depth, frost 
was rec or de d as greater than frost tube depth and tube 
depth was used in statistical calculations. Soil frost 
depth v a r i a b i l i t y  with the above limitation was three 
to four times greater at the 5 m grid scale than at the 
50 cm grid scale.
1250 meter c 1 earcut
Frost d e pth v a r i a b i l i t y  at m i cr os c al e  cluster A, 
was s l ig h t l y greater than depth varia b il it y  at the 5 
meter grid scale. In contrast, there was almost no 
v a r i a b i l i t y  in frost depth at m i c ro sc al e cluster C.
This cluster c o n t a i ne d  only two frost tubes due to tube 
failure. The smaller sample size may explain the 
smaller v a r i a b i l i t y  in frost depth.
1800 meter stand
Five meter m a cr o s c a l e  frost depth v a r ia b il i t y  was 
two to four times greater than frost depth v a ri ab il it y 
at the m i c r o s c a l e  clusters. D e pth v a ri ab i l i ty  
t hr o u g h o u t  the three temporal periods at the 1800 meter 
stand was similar.
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1600 meter c learcut
Frost depth v a r i a b i l i t y  at the high clearcut 
followed the same p at te r n as at the high stand. At one 
m i c r os c al e  cluster almost no v a ri ab il i ty  in frost 
existed. Frost depth was s ha llowest at this site.
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Figure 48. Maximum, minimum and mean fro s t  depth 
at  50cm microsca!e-A spacing at the low stand.
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Figure 49. Maximum, minimum and mean f r o s t  depth
a t  50cm m icr o sc a le -B  spacing  a t  the  low stand.
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Figure 50. Maximum, minimum and mean frost  depth 
at 50cm microsca!e-C spacing at the low stand.
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Figure 51. Maximum, minimum and mean f r o s t  depth
a t  5 meter m acrosca le  spacing  a t  the  low stand.
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Figure 52. Maximun, minimum and mean fro s t  depth 
at 50cm microscale-A spacing at the low clearcut.
—1 0 ~
—20 -
1 -3 0  -
0
1
-7 0  -
180160120 14080 1006040200
SAMPUNG DAY
Figure 53. Maximum, minimum and mean f r o s t  depth
a t  50cm m icro sca le -B  spacing  a t  the  low c l e a r c u t .
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Figure 54. Maximum, minimum and mean fro s t  depth 
at 50cm microscale-C spacing at  the low clearcut.
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Figure 55. Maximum, minimum and mean f r o s t  depth
a t  5 meter m acrosca le  spacing  a t  the  low c le a r c u t ,
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Figure 56. Maximum, minimum and mean frost  depth 
at 50cm microscale-A spacing at the high stand.
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Figure 57. Maximum, minimum and mean f r o s t  depth
a t  50cm m icrosca le -B  spacing a t  the  high stand.
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Figure 58. Maximum, minimum and mean fro s t  depth 
at  50cm microscale-C spacing at  the high stand.
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Figure 59. Maximum, minimum and mean f r o s t  depth 
at 5 meter macroscale spacing a t  the high stand.
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Figure 60. Maximum, minimum and mean frost  depth 
at 50cm microscale spacing at  the high clearcut
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Figure 61. Maximum, minimum and mean f r o s t  depth
a t  50cm m icr o sca le -B  spacing  a t  the  high c le a r c u t ,
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Figure 62. Maximum, minimum and mean frost  depth
at 50cm microscale-C spacing at the high clearcut
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Figure 63. Maximum, minimum and mean f r o s t  depth
a t  5 meter m acroscale  spacing  a t  the high c l e a r c u t
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C o e f f i c i e n t  of v a r i a t i o n  (standard d e v i a t i o n / m e a n ) 
was used to compare frost depth varia ti on  between sites 
with d i ff er e nt  numb e rs  of samples and to compare 
b et ween 50 cm and 5 meter spacing. Figures 64-69.
Tables 1-4 detail sta t is ti cs  for 5 meter 
m a c ro s ca l e  soil frost p e n e tr a t i o n  at the four sites. 
Surficial thaw data is not included in this analysis.
C o e f f i c i e n t s  of v a ri a t i on  for the m acroscale 
spacing in the low site are shown in the following 
chart. Both the stand and c l earcut exper i en ce d similar 
trends in v a r i a b i l i t y  b e tw e en  time periods.
LOW SITE 
C O E F F I C I E N T  OF V A RI AT I ON  
T IME P E RI O D  S T AND C LE AR C U T
D e v e l o p m e n t  16-25% 11-16%
S t a b i l i z a t i o n  13-15% 9-14%
Thaw 15-483% 15-162%
The high sites e x p e r i e n c e d  greater frost 
p e n e t r a t i o n  v a r i a b i l i t y  du ri ng  all three time periods 
than the low sites. C o e f fi c i e n t s  of v ariation for the 
m a c r o s c a l e  s pa ci ng  in the high site are shown in the 
f o l lo wi ng  chart.
HIGH SITE 
C O E F F I C I E N T  OF V A RI AT IO N 
T I ME  P E R I O D  S T AND C L EA R CU T
D e v e l o p m e n t  3 3 - 1 1 9 %  3 1 - 209%
S t a b i l i z a t i o n  2 3 - 5 6 %  2 6 - 1 3 2 %
T h a w  6 2 - 2 8 0 %  134%
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Figure 64. Frost depth variation at the low clearcut ,  
5m and 50cm spacing.
2.0 -
2 -
0.8 -
0-6 -
0.4. -
0.2 -
16014012080 too6020 40O
□ 5m macro
+ 50cm A
0 50cm B
50cm C
SAMPUNG DAY
Figure 65, Frost  depth v a r i a t i o n  a t  the low stand,
5m and 50cm sp ac in g .
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Figure 66. Frost depth variation at the high clearcut,  
5m and 50cm spacing.
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Figure 67. Frost  depth v a r i a t i o n  a t  the  high stand,
5m and 50cm sp a c in g .
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Figure 68. Frost depth variation at  the low s i t e ,  
macroscale spacing.
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Figure 69. Frost depth variation at  the high s i t e ,  
macroscale spacing.
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SAMPLE
DATE
S A M P L E
N U M B E R
S AMPLE
MEAN
1250 METER STAND
RANGES T AN D AR D 
DEV 1 AT I ON
COEFFICIENT 
OF VARIATION 
%
Oct 28 24 0. 0 0. 0 0. 0 0
Nov 2 23 0. 0 0. 0 O. 0 0
Nov 7 23 0. 0 0. 0 0. 0 0
Nov 11 23 10.4 2. 6 9. 0 25
Nov 15 23 17. 2 2. 8 9.5 16
Nov 19 23 21. 5 3. 4 11.0 16
Nov 22 23 27. 3 4. 1 16.5 18
Dec 3 23 42. 5 9. 4 34. 0 22
Dec 10 23 45. 1 9.0 32. 5 20
Dec 16 24 47. 7 9. 5 31. 0 20
Dec 23 24 48. 6 9. 2 31. 0 19
Dec 30 24 51 . 8 9. 3 32. 5 18
J an 10 24 57. 1 3. 6 30. 0 15
J an 17 24 57. 8 8. 1 30. 0 14
J an 27 24 58. 1 8. 1 30. 0 14
Feb 1 24 58. 3 7.6 30. 0 13
Feb 8 24 57. 8 8. 1 30. 0 14
Feb 14 24 57. 7 8. 1 30. 0 14
Feb 24 24 58. 5 8.2 30. 0 14
Mar 3 24 58. 1 8. 1 30. 0 14
Mar 6 24 57. 2 8. 0 26. 0 14
Mar 10 23 56. 0 7. 8 26- 0 14
Mar 15 23 55. 1 S. 3 26. 0 15
Ma r 21 23 52. 7 7.9 27. 0 15
Mar 29 23 49. 5 7. 4 25. 0 15
Apr 4 23 41. 6 17.9 60. 0 43
Apr 9 23 30. 3 23. 6 58. 0 78
Apr 16 23 1. 9 9.2 44. 0 483
Apr 20 23 0. 0 0- 0 0. 0 0
Table i. Sta t is ti cs  for 5 meter 
p e n e t r a t i o n  at the low stand.
m a c r o s c a 1e soil f r1
1250 M E TER C L E A R C U T
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SAMPLE S A M PL E S A M PL E  S T A ND A R D  RANGE
DATE N U M BE R  MEAN D E VI A TI O N
COEFFICIENT  
OF VARIATION 
%
Oct 28 10 0. 0 0. 0 0. 0 0Nov 2 10 0. 0 0. 0 0. 0 0
Nov 7 10 0. 0 0. 0 0. 0 0
Nov 11 10 0. 0 0. 0 0 . o 0
Nov 15 10 17.2 2. 8 7. 5 16
Nov 19 10 21. 0 2.9 8. 0 14
Nov 22 10 24.6 3.2 9. 5 13
Dec 3 10 30. 7 3. 7 11.0 12
Dec 10 10 30. 9 3. 7 11.0 12
Dec 16 10 31. 5 3.8 12. 0 12
Dec 23 10 31. 7 3. 8 12.0 12
Dec 30 10 34.2 4. 1 11.5 12
J an lO 10 38. 6 4. 2 10.0 11
J an 17 10 39. 5 3. 6 10.0 9
J an 27 10 39. 6 3. 6 10. 0 9
Feb 1 10 39. 6 3.6 10. 0 9
Feb 8 10 38. 2 3. 4 12.0 9
Feb 14 10 38. 3 4. 2 12.0 11
Feb 24 10 38. 4 4. 2 14. 0 11
Mar 3 10 37. 6 4. 9 14. 0 13
Mar 6 10 36. 7 5. 1 13. 5 14
Mar 10 10 35. 6 5.0 13. 5 14
Mar 15 10 34. 3 5. 1 14. 0 15
Mar 21 10 33. 2 6. 3 17. 5 19
Mar 29 10 10. 2 16. 5 37. 0 162
Apr 4 10 0.0 0. 0 O. 0 0
Apr 9 10 0.0 0. 0 0. 0 0
Apr 16 10 0. 0 0.0 0. 0 0
Apr 20 10 0.0 0. 0 0.0 0
Table 2. S ta t i s ti c s for 5 meter 
p e n e t r a t i o n  at the low clearcut.
m a c r o s c a 1e soil f r(
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SAMPLE
DATE
S AMPLE
NUMBER
1800 METER STAND
SAMPLE S TA N DA R D  RANGE 
MEAN D E VI AT I ON
CO E FFICIENT 
OF VARIATION 
%
Oct 28 25 0. 0 0. 0 0. 0 0
Nov 2 24 2. 3 2. 1 8. 5 91
Nov 7 23 1. 5 1. 8 6. 0 119
Nov 11 23 4. 2 2. 3 8. 0 67
Nov 15 23 7. 2 3. 2 13.0 44
Nov 19 23 7. 9 3. 6 14. 0 45
Nov 22 24 9. 8 3. 2 13. 0 33
Dec 3 23 14. 5 3. 3 13.0 23
Dec 10 23 13. 8 3. 4 14. 0 25
Dec 16 24 14. 8 4. 0 15.0 27
Dec 23 24 14. 3 4.0 15.0 28
Dec 30 24 14.2 4. 3 16. 0 30
J an 10 22 14. 0 4. 9 16.0 35
J an 17 24 13.9 4.6 17.0 33
J an 27 24 12. 2 5.0 19. 0 41
Feb 1 24 12.2 5. 2 18.0 43
Feb 8 24 10. 7 4. 8 20. 0 45
Feb 14 24 12. 6 4. 5 17. 0 36
Feb 24 24 12.8 5.0 17.5 39
Mar 3 24 12. 0 5 . 1 16.5 43
Mar 6 24 11.6 5. 2 17.5 45
Mar 10 24 11.0 5.5 17.5 50
Mar 15 24 10. 3 5. 8 19. 0 56
Mar 21 24 9. 4 5.8 18.5 62
Ma r 29 24 7. 8 6. 5 18. 5 86
Apr 4 24 6.0 6. 1 18.0 101
Apr 9 24 1.8 4. 4 16.0 276
Apr 16 24 0. 8 2. 1 8. 5 280
Apr 20 24 0. 0 0. 0 0.0 0
Tab le 3. S t at is t ic s  for 5 meter m a c r o s c a 1e soil f r(
p e n e t r a t i o n  at the high s t a n d .
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SAMPLE
DATE
S AMPLE
N UMBER
SAMPLE
MEAN
1800 M E TER CLE A R C U T
RANGES T AN DA RD  
DEV I AT I ON
COEFFICIENT 
OF VARIATION 
%
Oct 28 10 0. 0 0, 0 0. 0 0Nov 2 10 4. 4 2.6 9. 0 59
Nov 7 10 0. 9 1. 9 5.5 209
Nov 11 10 4. 4 2.9 a. 5 66
Nov 15 10 S. 9 2. 5 7. 0 42
Nov 19 10 6 . 4 2.3 6. 5 36
Nov 22 10 7. 4 2. 3 7. 5 31
Dec 3 10 10. 4 2. 7 7. 5 26
Dec lO 10 9. 6 2. 6 6.5 27
Dec 16 10 10.2 2.9 7.0 28
Dec 23 10 9. a 2. 9 7. 0 31
Dec 30 10 10. 0 3.2 8. 0 32
J an 10 10 10. 5 3. 4 9.0 32
J an 17 10 9. 8 3.2 6. 0 33
J an 27 10 9. 2 3. 0 7. 5 33
Feb 1 10 8. 2 3. 2 7.0 39
Feb 8 10 6.6 3. 5 8.0 53
Feb 14 10 6. 7 3. 0 8. 0 45
Feb 24 10 6. 1 3. 4 9. 0 56
Mar 3 10 4. 8 3. 8 10.5 80
Mar 6 10 4. 5 3. 7 10. 0 83
Mar 10 10 3. 5 3.9 9. 0 110
Mar IS 10 2. 7 3.5 8. 0 130
Mar 21 10 2. 3 3.0 6. 5 131
Mar 29 10 1.8 2. 4 5. 5 132
Apr 4 10 1.6 2- 1 4.5 134
Apr 9 10 0. 0 0. 0 0.0 0
Apr 16 10 0. 0 0. 0 0. 0 0
Apr 20 10 0. 0 0. 0 0.0 0
Table 4. Stat istics for 5 meter m a c r o s c a 1e soil frost
p e n e t r a t i o n  at the high cI ear c u t .
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T E MP O R A L  V A R I A B I L I T Y
Temporal c h a r a c t e r i s t i c s  of soil frost were 
m o ni t or ed  dur i ng  the 1985-86 winter at the low and high 
sites. Soil frost a c t i v i t y  was divided into three time 
periods: develop me n t;  stabilization; and thaw, using
paired T -t ests b e t we e n each tube on consecutive  
sampling days. Time periods are d is ti ng u is h e d  at the 
95% c o n f i d en c e level by a less than 2 cm change in 
frost dep th  b e tw e e n  c o ns ec u ti v e  sampling d a y s . This 
standard was taken from McCool and M o l n a u ’s (1984) 
reported frost tube a c cu r a c y  of 2 cm compared to ground 
truth m ea su rements. Dates for the 1985-86 winter soil 
frost time periods are as follows and are graphically 
shown in Figure 70.
Frost D ev e lo pm en t:  1250 m stand N o v . 11 - J a n . 10
* 1250 m c 1 ear cut N o v . 11 - Jan. 17
1800 m s tand Oct. 28 - Dec. 3
* 1800 m c 1 earcut O c t . 28 - Dec. 3
Frost St a bi li z at i o n : 1250 m s tand J a n . lO - M a r . 15
1250 m c 1 earcut J a n . 17 - M a r . 15
1800 m s tand D e c . 3 - Mar. 21
1800 m c 1 earcut D e c . 3 - A p r . 4
Frost Thaw: 1250 m s tand M a r . 15 - Apr. 21
1250 m c 1 earcut Mar . 15 - Apr. 4
1800 m s tand M a r . 21 - Apr. 21
1800 m cI ear cut Apr . 4 - A p r . 9
Includes t em p o r ar y  s t a b i l i z a t i o n  period
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Figure 70. Soil f r o s t  development, s ta b i l i z a t io n ,  and 
thaw time periods at each sampling s i t e .
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T e m p o r a r y  s t a b i l i z a t i o n  periods were observed at 
each of the c 1 ear cuts during the development time 
period. In the low c l ea rc ut  t emporary stabilization 
occurred from D ec ember 3 to December 23, and In the 
high c l e a r cu t  tempo ra ry  s t ab i li z at i o n  occurred from 
November 15 to Nov em b er  22. Decreases in rate of frost
d e v e l o p me n t were also noted at the stands of both sites
with a one week lag at the low stand site and parallel 
timing at the high stand site, but were not significant 
at the 95% level. For statistical analysis the 
t e mporary s t a b i l i z a t i o n  was included in the development 
time p e r i o d .
C o r r e l a t i o n  a na lyses were performed betw ee n 
c um u la t iv e  freezing d e g r ee - d a ys  and mean frost depth 
for the d e ve l o p m e n t  and s t a b i l i z at i o n  time periods. 
Table 5. The number of samples analyzed in each time 
period are denoted by n on the following tables. A 
c o r r e l a t i o n  a n al y s i s was not performed betw ee n 
c u m u l at i v e  d e g r e e- d ay s  and frost thaw because this time 
period only had b e t we e n two and six sampling days.
Du r in g the d e v e l o p m e n t  period all sites were
s i g n i fi c a n t at the 95% c o n f id e n c e level and cumulative 
freezing de gr e e days e x p la i ne d 79 to 95% of the 
v a r i a b i l i t y  in frost development. Scatter plots show a 
strong p o si t i v e  c o r r e l a t i o n  b et we en  frost depth and 
c u m u l a t i v e  f r e ez in g deg r ee  days (Figures 7ia-74a).
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During the s t a b i l i z a t i o n  period, the high site was 
s i gn ificant at the 90% c on f id e n c e level and cumulative 
freezing degree days e xp l ai n ed  38 to 39% of the 
v a r ia bi li ty  in s tabilization. There was no significant 
c o rr el a ti o n at the low site. General visual trends 
from s c a t t e r p 1ot d i a gr am s suggest that there is an 
inverse r e l a t i o n s h i p  b e tw e e n  c u mu lative freezing degree 
days and frost d epth at the high site and that frost 
depth s t a b i li z ed  i n d e p e n d e nt l y  of c um u lative freezing 
d e gr ee-days at the low site for the stabi li za ti on  
period (Figures 7 l b - 7 4 b ).
C O R R E L A T I O N  ANA LY SI S 
C U M U L A T I V E  D E G R E E - D A Y S  AND FROST D E VE LO PM E NT
Site P r ob 1r 1=0 r n
1250 meter s tand 0. 000 O. 95 13
1250 meter cI earcut 0. 000 0. 86 14
1800 meter s tand 0. 000 0. 90 8
1800 meter c 1 earcut O. 003 0. 79 8
C O R R E L A T I O N  A NA LYSIS 
C U M U L A T I V E  D E G R E E - D A Y S  AND FROST ST A BI LI ZA TI ON
Site
1250 meter stand 
1250 meter c l e a rc u t  
1800 meter stand 
1800 meter cl e ar c ut
P rob 1r 1=0
O. 857 
0.371 
0. 008 
O. 005
2
0. 00 
O. 10 
O. 38 
0. 39
n
11
10
17
19
Table 5. C o r r e l a t i o n  a n a l y s i s  b e tween cumulative  
d e g r e e - d a y s  and frost d epth for frost d e v el o pm en t and 
s t a b i 1Ization.
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Figure 71a. Scatterp lot  o f  cumulative degree-days and frost  
depth during development at  the low c learcut .
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Figure 71b. S c a t t e r p l o t  o f  cumulative  degree-days and f r o s t
depth during s t a b i l i z a t i o n  a t  the  low c l e a r c u t .
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Figure 72a. Scatterp lot  o f  cumulative degree-days and frost  
depth during development at  the high clearcut .
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Figure 72b. S c a t t e r p l o t  o f  cum ulat ive  degree-days and f r o s t
depth during s t a b i l i z a t i o n  a t  the  high c l e a r c u t .
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Figure 73a. Scatterp lot  o f  cumulative degree-days and frost  
depth during development at the low stand.
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Figure 73b. S c a t t e r p l o t  o f  cum ulat ive  degree-days and f r o s t
depth during s t a b i l i z a t i o n  a t  the  low stand.
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Figure 74a. Scatterp lot  o f  cumulative degree-days and frost  
depth during development at  the high stand.
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Figure 74b. S c a t t e r p l o t  o f  cum ulative  degree-days and f r o s t
depth during s t a b i l i z a t i o n  a t  the high stand.
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C o r r e l a t i o n  a n a ly s i s  were performed between mean 
snow cover dep t h and mean frost depth for the 
de v el op me nt  and s t a b i l i z a t i o n  time periods. Table 6. 
C o r r e la t i o n a na l ys i s  during frost d e velopment were 
signi f ic an t at the 95% c o nf id en ce  level at all sites. 
Snow depth e x p l ai n e d  65 to 81% of the variability in 
soil frost development. S c a t t e r p 1ots show an inverse 
r e la t i o ns h i p  b e t w e en  snow depth and frost depth during 
frost d e v e l o p m e n t  (Figures 75a-78a).
Snow dep t h and frost depth during stabilization at 
the low site were s i g n i fi c an t  at the 95% confidence 
level and snow depth e x p l ai ne d 65 to 79% of the 
v ar i ab i li t y in stabilization. There is no significant 
c o r r el a t i on  at the high site between snow depth and 
frost d epth during stabilization. Sca t te r pI ot s do not 
reveal any additional trends (Figures 7 5 b - 7 8 b ).
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Figure 75a. Scatterp lot  o f  snow depth and frost  depth 
during development at the low clearcut .
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Figure 75b. S c a t t e r p l o t  o f  snow depth and f r o s t  depth
during s t a b i l i z a t i o n  a t  the  low c l e a r c u t .
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Figure 76a. Scatterp lot  o f  snow depth and frost  depth 
during development at the high clearcut .
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Figure 76b. S c a t t e r p l o t  o f  snow depth and f r o s t  depth
during s t a b i l i z a t i o n  a t  the  high c l e a r c u t .
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Figure 77a. Scatterp lot  of  snow depth and fros t  depth 
during development at the low stand.
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Figure 77b, S c a t t e r p l o t  o f  snow depth and f r o s t  depth
during s t a b i l i z a t i o n  a t  the  low stand.
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Figure 78a. Scatterp lot  o f  snow depth and fros t  depth 
during development at  the high stand.
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Figure 78b, Scatterp lot  o f  snow depth and frost  depth 
during s ta b i l i z a t io n  a t  the high stand.
C O R R E L A T I O N  ANALYSIS  
SNOW DEPTH AND F R OST DEVEL OP M EN T
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Site
1250 meter stand 
1250 meter cle a rc ut  
1800 meter stand 
1800 meter c l ea rc ut
P r ob I r 1=0
0. 000 
0. 003 
0 . 002 
0. 006
2
0. 79 
0.65 
0. 81 
O. 74
n
11
11
8
8
C O R R E L A T I O N  ANALYSIS 
SNOW D E PTH AND FROST S T A BI L IZ AT IO N
Site
1250 meter stand 
1250 meter cle ar cu t 
1800 meter stand 
1800 meter cl e ar cu t
Prob I r I =0
0 . 000 
0. 005
O. 069
O. 625
O. 79 
O. 65 
O. 20 
0. 05
n
11
10
17
19
Table 6. C o r r e l a t i o n  a n alysis between snow depth and 
frost depth for frost d e v e l o p me n t  and stabilization.
Surficial soil thaw oc c u rr ed  at each site during 
the frost season, but was i n termittent In some cases. 
The onset of ground surface thaw was highly variable 
b e t w e e n  and w i t h i n  sites. A p pendix C lists surficial 
thaw depths at each frost tube during the thawing time 
per iod.
C h ap te r V. D IS C US SI O N 
SOIL F ROST DATA BASE
C li m a te  and its e ffects (air temperature, snow 
cover and soil moisture) influence soil frost 
development, s t a b i 1izaton and thaw. As a rule, the 
weather is rarely normal and 1985-86 weather patterns 
were no exception.
Long term mean snow depths at three Cooperative  
Snow S ur ve y  snow cour se s surro un di ng  the study sites 
were c o mp ar ed  to 1985-86 snow depths to determine the 
d ep a rt ur e from normal (Figures 16-18). G e ne r al ly  snow 
patterns were similar, but 1985-86 winter snow depths 
were about 70 perc en t of long-term averages for most of 
the winter. I observed, c on sistent with the 
literature, that snow cover is inversely related to 
soil frost depth. T h e r e f o r e , frost may have developed 
deeper this year c o mp ar ed  to the "norma 1" y e a r .
D i n g m a n  (1975) found air temperature to be the 
most inf 1u e n c i a 1 v a ri ab le  in de te rm in in g  frozen ground. 
Air t e m p e r a t u r e  was recorded at each site during the 
frost se as on  to d e t e r m i n e  site specific cumulative 
freezing degree-days. Air t e mp er a t u re  measured in the 
c 1 e ar cu ts  r e v ea le d that the high site exper i en ce d a
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tempe r at ur e i nversion during the 1985-86 winter. 
(Figures 13 and 14J. On November 15 (sampling day 20), 
cumula t iv e freezing d e g r e e- d ay s  were -38 for the low 
site and +7 for the high site. On December 8 (sampling 
day 40), c u m u l a t i v e  freezing d eg r ee-days were -300 for 
the low site and -260 for the high site. By December 
26 (sampling day 60), c um ul at i v e  freezing degree-days 
were -a40 for the low site and -330 for the high site. 
This trend c o n ti n ue d  t h ro ughout the winter.
No p r evious air te mp er at ur e data existed at the 
two study sites. To c om pare site specific 1985-86 air 
t em p er at ur e data to long-term averages, Western Montana 
m on t h ly  s u mm a r i z e d  divisional air temperature data were 
used (Figure 12). Air t e mp er at ur e patterns from 
J an u a ry  1985 through October 1985 were similar to long 
term m o n t h l y  averages. H o w e v e r , November and December 
1985 were much colder than average. Mean November 1985 
air t e m p e ra t u r e was -7 °C compared to a long term 
average of O ®C. The u n u s u a l l y  c o 1d temperatures 
occu re d in c o m b i n a t i o n  with low snow cover depths, 
e s p e c i a l l y  at the low sites.
In the 1985-86 winter below normal freezing air 
t e m p e r a t u r e s  a r r iv e d  prior to an insulative snow cover 
at the low site. This site had from O to 4 cm of snow 
cover until N o v em be r 22. As a result soils at the low 
e l e v a t i o n  site froze r a pi d ly  and deep. December 1985
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also had b el o w normal air temperatures, -8 compared 
to a long term a ve ra g e  of -3 ®C. By December 3, snow 
cover at the low site ave r ag ed  only 20 cm in the stand 
and 25 cm in the clearcut. In contrast, the high sites 
had 13 to 18 cm of snow cover prior to November 22, and 
30 to 38 cm by D e cember 3.
The c o m b i n a t i o n  of warmer air temperatures and a 
deeper i nsulative snow pack at the high elevation sites 
prev en te d soil from freezing as rapidly and deep 
compared to the colder, low elev at i on  sites with below 
normal snow cover. These o bs er va ti on s lead to the 
c o n c l u si o n that timing of freezing air temperature and 
snow cover, not just their presence or absence, plays 
the most Influential role in soil frost development.
B ul l ar d C1954) reported that p r ev iously frozen 
soils began to thaw from the subsoil up under snow 
depths of 25 cm or more. That conclusion generally 
holds with the findings of this study, a l though data 
from the 1 985 - 8 6  w inter suggest that at least 30 cm of 
snow cover is req ui re d to initiate gradual soil 
thawing. M a x i m u m  frost depths were attained early in 
the frost se as on  at the high sites (December 3 at the 
c l e ar c u t  and De ce mb er  18 at the stand), and remained 
r e l a t i v e l y  stable or g r a d u a ll y  thawed during the 
r e m a in de r of the winter. Snow depths were 38 and 30 cm
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r e s p e c t i v el y  w he n m a x i m u m  frost depth occurred.
M aximum snow depths were not reached until Feburary 24 
at all sites.
M a x i m u m  frost dep th  was observed on Feburary 1 at 
the low c l ea r cu t when 31 cm of snow cover was present. 
Soil frost g ra du a ll y thawed during the rest of the 
winter. M a xi m u m  frost depth was unknown for the low 
stand due to soil frost p e n e tr at in g deeper than tubes 
could be intalled. M a x im u m snow depth for this site 
was 33 cm on F e b r u a r y  24. A l th ou gh  one would assume 
this site w ou ld  follow a similar thawing t r e n d , maximum 
snow depth a c c u m u l a t i o n  may not have been sufficient to 
initiate thaw from the subsoil up.
M ar c h air t e m p er a tu re s were higher than long-term 
normals. March 1986 mean air temperature was about 4 °C 
c ompared to O of a normal March. This could have
increased the rate of snow melt and therefore surficial 
thaw during the 1985-86 s am pling season compared to a
typical w e st e r n  M o nt a n a  year.
Fall soil m o is t u r e  levels have been related to 
freezing depths. Soil m o i st u r e  in the fall prior to 
ground f r e ez in g was samp l ed  for each soil horizon at 
the c 1 ear cut s and stands at both elevations. This 
i nf o r m at i o n  will be useful in m o deling soil frost at 
these sites after several years of data have been
collected. The 1985 fall soil m o is tu re  levels can be
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indirectly c o mp a r e d to long term average soil moisture 
condit i on s using p r e c i p i t a t i o n  data. Western Montana 
divisional p r e c i p i t a t i o n  data (Figure 23) includes long 
term m o n t h l y  a v e r a ge s  and 1985-86 monthly a v e r a g e s .
The 1985 fall p r e c i p i t a t i o n  mont hl y totals are higher 
than n or m a 1 :
1935 A u g u s t , 5.7 cm, normal A u g u s t , 3.4 cm;
1985 September, 10.1 cm, normal September 3.5 cm;
1985 O c t o b e r , 4.7 cm, normal October 3.7 cm.
Collectively, 20.5 cm of p r ec i pi t at i o n  fell in the fall 
of 1985 c o mp ar ed  to 10.6 cm in a normal year. From the 
p r e c i p i t a t i o n  data, it is safe to assume that soil 
mo i sture levels were higher than normal at the 
b eg i n n in g  of the 1985 soil frost s e a s o n . Determining 
the influence of soil m o i s t ur e  on soil frost at the low 
and high sites will require several more years of data 
c ol l e c t i o n  and analysis.
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S PA T IA L V A R I A B I L I T Y
Spatial v a r i a b i l i t y  of soil frost was quite large 
at both sites and at both grid scales. Several factors 
could be responsible:
1. F r ost tube i ns ta l la t i o n or measurement errors.
2. Snow d e p th  v a r i a b i l i t y  within a site.
3. W i t hi n site v a r i a b i l i t y  of soil properties such 
as texture, moisture, o r g an i c  matter content and 
thickness of the o rg an i c horizon.
4. Other site s p e ci fi c variables.
The 1 inch outer PVC tubing was installed at each 
frost tube location in a 4 inch hole. The space around 
each tube was b ac kf il l ed  and packed with native soil. 
Air spaces may still exist at the lower horizons 
beca us e the high coarse fragment content made packing 
the backfill difficult. However, this error could only 
be factored in at the low site as frost did not 
p e ne t ra t e  to the soil h or i zo n with a high coarse 
fragment c o n t e nt  in the high site.
Hep 1er (1984b) n o ted an error due to a gap between 
the outer PVC tubing and the s u r ro un di ng  soil. This 
p e r m i t te d  vertical cold air drainage. Care was taken 
not to bend the frost tubes d uring sampling but in 
several I nstances gaps were noted b et we en  the soil and
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the PVC tubing. It was planned to place snow in the 
melt cones s u r r o un d i n g the PVC tubing to also reduce 
cold air drainage. But t y pi c al ly  when melt cones had 
formed, the snow pack c o n ta i ne d high water content and 
placing heavy snow in the melt ring would have 
co mpacted the snow c r e at in g further possible sampling 
error. B e c a us e  all tubes we re installed in the ground 
in the same manner, the frost cone effect should have 
been a s y s t e m a t i c  error. All tubes should have been 
equa ll y prone to the frost cone effect, therefore this 
effect should not c o nt r i b u t e  to variability.
R e s e a rc h e r  error in reading frost depth was 
minimal b ec a u se  of a me tr ic  tape attached to each frost 
tube. A few obvious outliers were removed from data 
analysis.
A l th o u g h  soil frost depth was highly variable 
wit hi n each site, snow depth at each site was fairly 
uniform. Minimal snow r e d i s t r i b ut i on  occurred in the 
c l ea r cu ts  p r ob a b l y  due to their s m a l 1 size and the 
typical wet snow of w e s te r n  M o n t a n a . Snow depth 
v a r ia t i o n in the stands was larger due to canopy 
interception, but the v ar iance in snow depth was small 
c o mp a re d to the v a r ia nc e in frost depth at a 11 sites.
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Spatial v a r i a b i l i t y  of soil properties are large 
(Hillel 1980). The scope of this study did not include 
d e t e rm i n i ng  the v a r i a b i l i t y  of all proper i tes 
influencing soil frost, but soil properties were 
me a su re d to aid in e xp la i n in g  the varia bi li ty  in soil 
frost distribution. Single values of soil texture and 
soil m o is t u r e  were d e t e rm i n e d for each soil horizon, so 
individual frost tube specific information is not 
a v ai l ab l e  for these variables. It is probable that 
small scale v ar i at i on  in these soil parameters had some 
influence on soil frost depth variability. Although 
this general in fo rm a ti on  is not helpful in assessing 
v a ri ab i li t y  w i t h i n  sites it may be important in 
e x pl ai n in g  v a r i a b i l i t y  between sites.
Several r es ea rc he rs  reported an inverse 
r e l a t i o n s hi p  b et we en  litter depth and soil freezing. 
O r ga ni c h o r iz o n  d e pth at each frost tube was measured 
in an a tt em p t  to c or r el a t e  spatial frost variation with 
litter depth v a r i a t i o n  (Figures 21 and 22). Organic 
h or i zo n depths c o r r el a t e  inversely with frost depth 
d i s t r i b u t i o n  at the low stand, but no graphic 
c o r r e l a t i o n s  were a p pa r en t  at the other sites.
Other site s p ec i f i c  factors may be responsible for 
the large spatial v a r i a b i l i t y  In frost depth within 
each site. F rost depth at the low c 1 earcut could be
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influenced by human soil c o m pa c t i on  because of the 
intense human a c t i v i t y  in these research plots. Little 
v eg e t a ti o n  has been e s t a b l i s h e d  at the newly created 
high c 1 earcut site. L og gi ng  slash of variable depth 
and d i s t u r b a n c e  was still on the site and may have 
co n tr i bu t e d  to the large spatial variation in soil 
frost depth. Both high and low stand sites had 
variable c a no p y coverage. It is probable that the 
insulative b en ef it  d er iv ed  from an increase in snow 
cover d ir e ct l y bene at h natural stand openings was 
s u ff i ci en t to cause spatial v a riation in frost depth. 
Natural o p e ni ng s in the forest stand resulted in some 
sunlit frost tubes and some c o n t in u ou sl y shaded frost 
t u b e s . This may have caused varia b i li ty  in frost 
penetration. Deer and snowm ob il e s visited the high 
e l e v at i o n  sites c a us in g variable snow compaction and 
disturbance. Additionally, differential snow cover 
c o m p a c t i o n  due to s l ou gh i ng  of canopy intercepted snow 
fall was n o ted at the high e l ev at io n stand. Although 
some factors such as slope and aspect which influence 
soil frost p e n e t r a t i o n  could be c on trolled within sites 
many i n fl ue n c i ng  factors are variable within a site and 
are d i f f i c u l t  to measure.
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Spatial V a r i a t i o n  B e t w e e n  Sites
P r e v i o us  r es ea r ch e r s  studied the influence of 
c anopy c o v er ag e on soil frost penetration (Atkinson and 
Bay 1940, Bay 1958, K ie n ho l z  1940, Pierce et a 1.
1958). In general they reported that frost penetrated 
deepest in plowed fields, next deepest in grass or sod, 
s hallower in conifer stands and shallowest in hardwood 
stands. Most of these studies were conducted in the 
east where spruce is the typical conifer. Lodgepole 
pine is the d o m in a nt  tree species in the study a r e a s . 
L o d g ep ol e pine stands have fairly open canopies and are 
more similar to h ar dw oo ds  than to the dense spruce 
stands of the east. I had a nt ic i pa te d that frost 
would p e n e t r a t e  deeper in the c 1 ear cut s than under 
L o d g ep ol e pine stands at the same elevation. However, 
o p po si te  results were found from this study (Figure 
6). Frost p e n e t r a t i o n  was greatest in the low stand, 
next greatest at the low c 1 ear c u t , shallower at the 
high stand and s h a l l o we s t  at the high c 1 e a r c u t .
The d i f f e r i n g  results of soil frost penetration 
and o c c u r r e n c e  are p r ob a b a l l y  due to different soil 
frost definit io ns .  In the 1 9 4 0 ’s and 5 0 ’s when 
e x te n s i v e  soil frost r es ea r ch  was conducted the 
a c c e p t e d  d e f i n i t i o n  of soil frost was limited to hard 
i m p e r me a b l e c o n c r e te  frost w h i c h was identified by 
visual i ns p e c ti o n or p r o d d in g  of the soil. The
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c u rr e n t l y  a c ce p te d  d e f i n i t i o n  of soil frost is based on 
freezing ground t e mp er a tu r e s  regardless of moisture 
content or state (Dingman 1975), This study 
i mp l emented frost tubes w h ich record the depth of the 
zero degree isotherm, r e ga rdless of soil frost type.
The other major factor which may account for the 
o pp os in g results of soil frost penetration also relates 
to the c hange in soil frost definition. In the fall, 
bare ground t y pi c a l l y  has a wetter soil profile than 
soil under a canopy, beca us e of reduced transpiration. 
The two soil m o i s tu r e samples taken from each horizon 
were not s u f f i ci e nt  to capture the v ar iability in water 
content, but they do indicate that soil horizons were 
wetter in the c 1 ear cut sites than in the adjacent
forest stands prior to frost development. Moist soils
u su a ll y freeze into c o ncrete frost, while dry soils 
tend to freeze into granular, honeycomb or stalactite 
frost. These other frost types were not defined as
frozen ground in older reports. So although the soil
under a forest can o py  may have been below O it would
not have been re p or te d as frozen ground.
Several site s p ec if ic  factors could also be 
r e s p o n s i b l e  for greater frost p en et r at i on  in the stands 
than the clear cut s at similar elevations. Both organic 
matter and snow cover insulate the ground against soil 
f r ee zi ng  and both were deeper in the cI ear cut s than
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a djacent forest stands. The orga ni c horizon is 
ty p ic al ly  deeper in for es te d stands than In cleared 
ground. B u l l a r d ’s (1954) review pointed out that in 
most cases 10 cm of litter on the soil suface was 
suf fi ci en t i ns u la t io n  to prevent soil from freezing.
The high c 1 ear cut had a mean organic horizon depth of 
8.5 cm with three tubes Installed in organic horizons 
greater than 10 cm (Figure 22). However, no spatial 
c o r r e l a t i o n  e x ists b e t w e e n  the organic horizon depth 
and soil frost p e n e t r a t i o n  at these tubes (Figures 42- 
47). Air pockets in the logging slash and the 
dist ur be d o r g an i c  h or iz on  of the recent high elevation 
c 1 earcut could e xp la in  the lack of co r re la t io n between 
orga ni c matter depth and frost penetration.
The small m i c r o c l i m a t e  diffe re nc es  in air 
t em p er at ur e betw e en  the c le ar cu ts  and stands would be a 
n eg l i g i b l e  factor in frost depth variability between 
the c le ar cu ts  and stands. H o w e v e r , radiation loads may 
be very d if f er e n t  b e t w e e n  d i ff er en t cover types at the 
same elevation.
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Some c o n c l u s i o n s  and specula ti on s about spatial 
and temporal soil frost v a ri ab i li t y  at the 5 meter 
m a cr os cl e grid spacing can be made.
1. Spatial v a r i a b i l i t y  in soil frost penetration was 
similar b e t w e e n  d i f f e r en t  cover types at each
e 1 evat i o n .
2. Temporal v a r i a b i l i t y  in soil frost penetration 
followed similar p a tterns at each elevation.
3. V a r i a b i l i t y  in frost p e ne tr a ti on  was about three 
times greater at the high sites than at the low sites 
during frost d e v e l o p m e n t  and stabilization. Rapid 
frost d e v e l o p m e n t  at the low sites may account for the 
di f f e re n c e  in variability. However, v ar iability at the 
low stand du r in g s t a b i l i z a t i o n  was probably under 
esti ma te d b e ca u se  frost p e ne trated deeper than 19 of 
the 31 tubes could record.
The finding that frost p e ne t ra ti on  was more 
va r ia bl e at the high site than at the low site during 
s t a b i 1iztion c o nt ra s ts  the notion that a deeper 
insula t iv e snow cover m o de ra t es  the effect of soil 
freezing. However, the greater varia b il it y in frost 
de pth at the high site than at the low site may be 
caused by a greater v a r i a b i l i t y  in soil type. The high 
site had a s ha l lo w d i s c o n t i n u o u s  and i c horizon. Ash 
soils have a high water holding c ap acity and other soil
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proper t ie s w hi ch  may influence frost to develop 
d i f f e r en t ly  than in soil without Andie horizons.
4. During soil thaw all sites e x perienced similar 
maxi mu m v a r i a b i l i t y  in frost penetration. Apparently, 
this is a r e f l e c t i o n  of the fact that the ground thawed 
sur f i ci a ll y and from the subsoil, but only subsoil 
thawing was used in this analysis.
C o e f f i c i e n t s  of v a r i a ti o n were also determined for 
the three c l u st er s  of three frost tubes spaced 50 cm 
apart at each site (.Figures 64-67). Generally, soil 
frost p e n e t r a t i o n  v a ri a b i l i t y  at the microscale spacing 
resembled that of the m a c r o s c al e  spacing at each site. 
The important c o n c l u s i o n  here is that soil frost 
p e ne t r a t i o n  v a r i a b i l i t y  appears to be independent of 
grid spacing at these sites.
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T E M P O R A L  V A R I A B I L I T Y
Soil frost data were c o llected for one freezing 
season, N o v em be r t h ro ug h April. Therefore, temporal 
v a r i a b i li t y b e tw e en  years was not a part of this 
study. However, temporal v a ri ab i li t y  of soil frost 
within and b e t w e en  cover types and elevations for the 
1985-86 winter was studied and will be discussed. 
Temporal V a r i a b i l i t y  B e t w e e n  Sites
Soil frost d ev e lo p e d  9 days earlier at the high 
sites than at the low sites. Initially all tubes at 
the high site re po rt ed  shallow frost. At the next 
sampling, five days later, half of the high c 1 earcut 
tubes were thawed and a lmost half of the tubes in the 
stand had thawed. Only, the high site experienced that 
single partial f r e e ze - t h a w  cycle and the low site 
e x p e r ie n c e d no f r e e z e - th a w cycles prior to seasonal 
frost development. E xc l ud i ng  the partial freeze-thaw 
cycle of the high site, soil frost development occurred 
s i m u l t a n e o u s l y  at the high stand and c 1 ear cut and at 
the low sites. This finding is in contrast to H a r t ’s 
<1963) o b s e r v a t i o n s  that open fields froze three weeks 
be f or e any frost d ev e lo p e d  in forested stands.
The d u r a t i o n  of soil frost devel o pm en t varied 
b e t w e e n  the two elevations, but was similar between 
c 1 ear cut and stand sites at the same elevation. Soil
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frost d e v e l o p e d  for 36 days before reaching the 
s t a b i l i z a t i o n  phase at the high sites, but required an 
aver a g e  of 66 days at the low sites. Timing of snow 
cover c o m b i n e d  with freezing air temperature probably 
had the greatest effect on soil frost development as 
was d e t a i l e d  in the soil frost data base discussion 
sect i on.
Soil frost at the low c 1 ear cut experienced a 
t e m p o r a r y  s t a b i l i z a t i o n  period for 20 days beginning on 
December 3. Similarally, frost development tapered off 
in the low stand during this time but not significantly 
enough to be s t a t i s t i c a l l y  c lassified as stabilized.
Soil frost c o n t i n u e d  to penetrate deeper at the 
low c 1 earcut until J a n u a r y  17. It is not apparent what 
caused the t r a n s i t i o n  to the frost stabilization 
period. Mean snow cover at this site did not greatly 
increase, nor did c u m u l a t i v e  freezing degree day 
tem p e r a t u r e s  stabilize. The stabi l i z a t i o n  period in 
the stand can only be e s t i m a t e d  because the frost 
p e n e t r a t e d  de e p e r  than 19 of the tubes could record.
Fr ost d e p t h  at the high sites stabilized earlier 
in the winter than at the low sites. An average of 10 
cm of snow in the stand and 12 cm of snow in the 
c l e a r c u t  f e l 1 in the first snow storm on November 7. 
Soil frost de p t h s  were less than 2 cm at the high meter 
sites at this time. Snow cover g r adually increased to
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17 cm in the stand and 23 cm in the clearcut (10 cm and 
8 cm of soil frost, respectively) until the December 3 
snow storm d r o p p e d  about 15 cm of new snow at the high 
e l e v a t i o n  sites. Frost s t a b ilized at 14 cm in the 
stand and 10 cm in the clearcut, probably due to the 
increase in i n s u l a t i o n  of the deeper s n o w p a c k . 
C u m u l a t i v e  freezing d e g r e e - d a y s  continued to increase 
during the t r a n s i t i o n  to the s tabilization p h a s e .
The s t a b i l i z a t i o n  phase lasted until March 15 at 
the low sites for a total of 64 days in the stand and 
57 days in the clearcut. Snow cover rapidly melted 
from an a v e r a g e  of 15 cm on March 6 to about 1 cm on 
March 15, C u m u l a t i v e  freezing d e g ree-days changed to 
a ctive thawing d e g r e e - d a y s  on F e b ruary 24. The warming 
trend c o n t i n u e d  through c o m plete soil thawing on April 
20 in the stand and April 4 in the c 1 e a r c u t .
The s t a b i l i z a t i o n  period extended until March 21 
in the high stand and to April 4 in the clearcut, for a 
total of 108 days in the stand and 122 days in 
clearcut. The s t a b i l i z a t i o n  period at the high site 
was r o u g h l y  d o uble the length of the stabilization 
p e riod at the low site.
Temporal v a r i a b i l i t y  of soil thaw was large within 
and b e t w e e n  sites. Soil frost conditions on March 29 
at the low c l e a r c u t  site e x e m p l i f i e s  the complexity of 
soil thaw. E l e v e n  of the 15 frost tubes were
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c o m p l e t e l y  thawed from a c o m b i n a t i o n  of soil thaw from 
the subsoil up and from the ground surface down on this 
date. The remai n i n g  4 frost tubes showed a frozen lens 
be g i n n i n g  at an a v e r a g e  of 26 cm below the ground 
surface and e x t e n d i n g  to an average depth of 37 cm. 
These four tubes only a v e r a g e d  an 11 cm thick frozen 
layer but it e x t e n d e d  to a depth of 37 cm.
Soil thawed both surf i c i a 11 y and from the subsoil 
up at all sites» but surface thaw was only intermittent 
at the high clearcut. Thaw from the subsoil up 
c o m m e n c e d  on M a r c h  15 at the low sites and March 21 and 
April 4 at the stand and clearcut of the high sites. 
However, a s t a t i s t i c a l l y  insignificant but gradual 
thawing trend b e gan on December 16 at both the clearcut 
and stand of the. high site (Figure 70). Thaw from the 
ground surface down o c c u r r e d  on March 6 at the clearcut 
and stand of the high site, but only 4 tubes in each 
site showed a b out 1 cm of thaw. Surface thaw retreated 
at the high site. S u r f a c e  thaw developed on March 10 
at the low sites. Six tubes in the clearcut averaged 3 
cm of thaw and 6 tubes in the stand averaged 2 cm of 
thaw. S u r f a c e  thaw c o n t i n u e d  to develop at the low 
e l e v a t i o n  sites. On M a r c h  21, surface thaw was 
c o n t i n u o u s  in the c l e a r c u t  to a mean depth of 17 cm 
with a s t a n d a r d  d e v i a t i o n  of 5 cm. Surface thaw 
o c c u r r e d  in a 11 but six of the tubes at the low stand
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on M a r c h  21. Mean thaw depth was 6 cm with a standard 
d e v i a t i o n  of 3 cm. Surface thaw had retreated at the 
high site, but r e d e v e l o p e d  at the high stand by March 
21. Eight tubes were c o m p l e t e l y  thawed solely from the 
subsoil up. Five tubes ex p e r i e n c e d  no surface thawing 
and the r e m a i n i n g  18 tubes had a mean surface thaw 
depth of 6 cm with a 3 cm standard deviation. The 
presence or a b s e n c e  of snow cover controls the 
o c c u r r e n c e  and rate of surface thaw. For example, 4 cm 
of snow was present at two tube locations on March 15 
at the low clearcut. Surface thaw depth was O cm at 
those locations. However at 12 other tube locations 
snow cover was absent, and the surface had thawed at 
ail those locations to an average depth of 7.7 cm. 
Figures 8 and 9 show the rapid thaw of frozen ground 
once snow cover c o m p l e t e l y  d isappears at the low 
sites. Figures 10 and 11 show that the persistence of 
a snowcover p r o h i b i t e d  c o m p l e t e  ground thawing at the 
high sites.
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C H A P T E R  IV. C ONCLUSION 
Soil frost p e n e t r a t i o n  was variable within and 
b e t w e e n  c l e a r c u t s  and adj a c e n t  forest stands at 1250 
meter and 1800 meter sites in Western Montana. Frost 
d e v e l o p e d  deeper in the forested stands than in the 
c l earcuts at each elevation* which contrasts previous 
studies. However, the d i s c r e p a n c y  in soil frost 
p e n e t r a t i o n  may be a t t r i b u t e d  to the change in defining 
and m e a s u r i n g  frozen ground since the 1 9 5 0 ’s.
Soil frost pen e t r a t e d  a p p r o x i m a t e l y  4 times deeper 
at the low sites than at the high sites. Freezing air 
tem p e r a t u r e s  a r r i v e d  at the low site prior to 
de v e l o p m e n t  of an insulative snow cover. Therefore, 
soils froze deep and fast. The high site experienced 
an air t e m p e r a t u r e  inversion and earlier snow cover. 
These o b s e r v a t i o n s  led to the conclu s i o n  that timing of 
freezing air t e m p e r a t u r e  and snow cover plays the most 
influential role in soil frost penetration.
Temporal v a r i a b i l i t y  of soil frost penetration 
followed similar patterns between clearcuts and forest 
stands at each elevtion. Frost depths at the high 
sites s t a b i l i z e d  on D e c e m b e r  3 and gradually thawed 
during the rest of the winter. Frost depth at the low 
sites s t a b i l i z e d  in mid-January. V a r i ability at the 50 
cm m i c r o s c a l e  spac i n g  rese m b l e d  the variability of the 
5 meter m a c r o s c a l e  spacing at each site for each time 
peri o d .
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A P P E N D I X  A
FROST DEPTH
FROST DEPTH I c m )
1250 METER CLEARCUT
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Tube 11/02 11/07 11/11 11/15 11/19 11/22 12/03
No. Day 6 D a y 11 D a y 15 D a y 19 Day23 Day26 Day37
1 O 0 7 14 18 21 28
2 0 O 13 19 23 28 35
3 O O 14 18 22 25 32
4 O O 18 21 25 29 35
5 O O 12 17 20 23 29
6 O O 16 22 25 29 36
7 O O 17 21 26 30 36
8 0 O 9 14 18 21 25
9 O O 11 15 18 21 26
10 O O 12 17 21 25 31
11 O O 14 20 23 27 32
12 O O 11 15 19 22 28
13 0 O 13 19 24 28 34
14 0 O 15 21 25 29 35
15 O O 11 15 19 23 28
Tube 12/ 10 12/ 16 12/23 12/30 1/10 1/17 1/27
N o . Day44 Day50 Day57 Day64 Day75 Day82 Day92
1 29 30 32 33 39 41 41
2 36 37 37 39 43 45 45
3 32 32 32 32 34 38 38
4 36 37 39 43 48 55 55
5 29 30 30 32 37 38 39
6 36 38 38 44 50 51 51
7 36 37 37 40 44 . 45 45
8 25 25 25 28 34 35 35
9 26 26 26 27 31 31 31
10 31 31 30 34 37 37 37
11 32 32 32 35 40 42 42
12 28 28 28 31 36 36 36
13 35 35 35 38 42 42 42
14 35 35 34 37 40 40 40
15 28 29 29 31 35 35 35
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FROST DEPTH (cm)
1250 METER CLEARCUT
Tube 2/01 2/08 2/14 2/24 3/03 3/06 3/10
No. Day96 D a y 104 D a y 110 Dayl20 Dayl27 DaylSO Dayl34
1 41 41 41 42 42 41 41
2 45 44 44 44 44 43 43
3 38 37 37 37 36 35 34
4 55 53 52 54 53 52 52
5 39 36 39 41 39 38 37
6 52 51 51 52 50 50 49
7 45 44 45 46 45 44 42
8 35 32 33 32 31 30 29
9 31 30 29 28 28 27 27
10 37 35 33 32 32 31 31
11 42 40 39 39 38 38 36
12 36 34 33 32 31 30 29
13 43 41 41 42 41 40 38
14 40 39 39 39 38 38 37
15 35 33 33 32 32 31 30
Tube 3/15 3/21 3/29 4/04 4/09 4/ 16 4/20
N o . D a y 139 D a y 145 D a y 153 D a y 159 D a y 164 D a y 171 D a y 175
1 40 38 35 0 0 0 0
2 41 39 37 0 0 0 0
3 32 29 0 0 0 0 0
4 48 47 45 0 0 0 0
5 35 33 30 0 0 O 0
6 47 45 O 0 0 0 0
7 41 38 0 0 0 0 0
3 27 26 0 0 0 0 0
9 25 24 0 0 0 0 0
10 30 30 0 0 0 0 0
11 35 33 0 0 0 0 0
12 28 27 0 0 0 0 0
13 36 35 0 0 0 0 0
14 35 34 0 0 0 0 0
15 29 26 0 0 0 0 0
FR OST DEPTH (.cm)
1800 METER C L E ARCUT
Page 137
Tube 11/02 11/07 11/11 11/15 11/19 11/22 12/03
No. Day 6 D a y 11 D a y 15 D a y 19 Day23 Day26 Day37
3
4
5
6
7
8
9
10 
11 
12
13
14
15
16
5
4 
7 
M 
3 
9 
M
5 
5 
M
3 
2 
O 
0
4 
3
3
O
O
M
2
6
M
2
O
M
O
O
2
O
O
0
6
1
2
10
O
10
7
4
7
8
4 
3
5 
2 
3 
3
8 
3 
5 
11 
3 
10 
8
5
6 
10 
5
5 
7
3
4
6
8 
4 
6 
1 1
4 
10 
8 
6 
7 
10
5
5
6
4
5 
7
9
5
8
12
5 
12 
11 
8 
7 
11 
7
6 
7 
5 
7 
7
13 
8 
12
14 
8
15 
15 
12 
8
13
9
8
8
7
12
9
Tube 12/10 12/ 16 12/23 12/30 1/10 1/17 1/27
N o . Day44 D a ySO Day57 Day64 Day 75 Day82 Day92
1 13 13 13 13 14 13 13
2 7 7 6 7 8 7 6
3 11 12 11 12 13 12 11
4 13 13 12 13 13 13 12
5 7 8 7 8 9 8 7
6 13 14 13 14 15 14 13
7 13 14 13 13 15 14 12
8 11 11 10 11 12 11 10
9 7 7 7 6 6 6 6
10 12 13 12 14 14 14 12
11 8 8 7 8 8 7 6
12 7 7 6 7 7 7 5
13 7 8 7 7 7 6 5
14 7 7 6 7 7 7 6
15 11 12 11 11 11 10 9
16 8 9 8 8 9 8 8
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F R O S T  DEPTH Cera)
1800 M E TER C L EARCUT
T ube 2/01 2/08 2/ 14 2/24 3/03 3/06 3/10
N o . Day96 D a y 104 D a y 110 D a y 120 Dayl27 DaylSO Dayl34
1 12 11 11 11 11 10 9
2 5 3 4 3 2 2 0
3 11 10 9 9 8 8 7
4 12 10 1 1 10 8 8 7
5 6 5 5 5 4 4 3
6 12 11 10 10 9 9 8
7 12 10 10 10 9 9 8
8 9 8 8 7 6 6 5
9 5 3 5 2 0 0 0
10 12 10 10 10 9 9 8
11 5 4 4 5 4 3 0
12 4 2 4 3 2 0 0
13 4 3 4 3 2 0 0
14 4 3 3 3 1 0 0
15 8 6 6 5 4 3 2
16 7 5 5 4 3 3 2
Tube 3/15 3/21 3/29 4/04 4/09 4/ 16 4/20
N o . D a y 139 D a y 145 D a y 153 D a y 159 D a y 164 D a y 171 D a y 175
1 8 7 6 5 0 0 0
2 0 0 0 0 0 0 0
3 6 5 4 3 0 0 0
4 6 5 4 4 0 0 0
5 2 0 0 0 0 0 0
6 6 5 4 4 0 0 0
7 7 6 5 5 0 0 0
8 4 2 0 1 0 0 0
9 0 0 0 0 0 0 0
10 7 6 5 5 0 0 0
11 0 0 0 0 0 0 0
12 0 0 0 0 0 0 0
13 0 0 0 0 0 0 0
14 0 0 0 0 0 0 0
15 0 0 0 0 0 0 0
16 0 0 0 0 0 0 0
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FROST D E PTH (cm)
1250 METER STAND
Tube 11/02 11/07 11/11 11/15 11/19 11/22 12/03
N o . Day 6 Day 11 Day 15 Dayl9 Day23 Day26 Day37
1 O 0 6 12 16 21 34
2 0 0 14 M M M M
3 0 0 10 15 19 23 32
4 O 0 12 17 22 30 48
5 0 0 15 23 29 36 53
6 O 0 11 20 25 33 48
7 O 0 13 21 27 35 40 +
8 0 0 10 18 23 29 44
9 0 0 11 16 20 25 35
10 0 0 10 18 21 25 34
11 0 0 14 19 24 30 45
12 0 0 13 23 29 38 48
13 0 0 10 19 25 32 57
14 0 0 11 16 20 24 37
15 o 0 7 14 19 25 39
16 0 0 a 15 19 31 38
17 0 0 13 20 24 31 54
18 0 0 14 23 29 36 52
19 0 0 11 21 24 31 47
20 0 0 12 20 28 36 55
21 0 0 6 17 18 29 43
22 0 0 M M M M M
23 0 0 15 22 27 37 65 +
24 0 0 14 21 26 33 50
25 0 0 8 15 19 23 39
26 0 0 12 18 21 24 37
27 0 0 a 15 18 21 31
28 0 0 6 12 16 21 41
29 0 0 10 20 26 33 55
30 0 o 13 18 21 25 35
31 0 0 12 19 23 28 43
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F R OST D E PTH (cm)
1250 METER STAND
T ube 12/10 12/16 12/23 12/30 1/10 1/17 1/27N o . D a y 4 4 DaySO Day57 Day64 Day75 Day82 Day9
1 37 39 41 45 57 59 59
2 M M M M M M M
3 33 35 35 38 45 46 46
4 52 55 57 61 65 + 65 + 65 +
5 57 60 74 + 74 + 74 + 74 + 74 +
6 52 54 55 58 64 + 64 + 64 +
7 40 + 40 + 40 + 40 + 40 + 40 + 40 +
8 47 48 49 51 57 + 57 + 57 +
9 36 37 38 41 46 47 47
10 38 41 42 45 51 52 53
11 49 51 53 58 65 + 65 + 65 +
12 58 62 61 67 + 67 + 67 + 67 +
13 52 55 56 62 65 + 65 + 65 +
14 40 42 44 49 56 57 58
15 42 44 45 49 56 58 58
16 41 43 44 49 56 58 58
17 61 66 + 66 + 66 + 66 + 66 + 66 +
18 61 + 61 + 61 + 61 + 61 + 61 + 61 +
19 51 58 + 58 + 58 + 58 + 58 + 58 +
20 62 + 62 + 62 + 62 + 62 + 62 + 62 +
21 47 51 51 55 60 + 60 + 60 +
22 M 42 45 49 57 58 60
23 65 + 65 + 65 + 65 + 65 + 65 + 65 +
24 55 59 61 66 + 66 + 66 + 66 +
25 44 48 51 50 52 + 52 + 52 +
26 39 41 42 46 54 55 55
27 33 34 35 38 43 44 45
28 48 52 55 58 66 + 66 + 66 +
29 58 62 61 70 + 70 + 70 + 70 +
30 37 39 41 44 52 56 58
31 47 50 52 55 66 + 66 + 66 +
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FRO S T  DEPTH (cm)
1250 METER STAND
T ube 2/01 2/08 2/14 2/24 3/03 3/06 3/1N o . Day96 D a y 104 D a y l 10 D a y 120 D a y 127 D a y 130 Day 1
1 59 58 57 62 61 60 57
2 M M M M M M M
3 46 45 4 4 45 44 42 41
4 65 + 65 + 65 + 65 + 65 + 65 + 65 +
5 74 + 74 + 74 + 74 + 74 + 74 + 74 +
6 64 + 64 + 64 + 64 + 64 + 64 + 64 +
7 40 + 40 + 40 + 40 + 40 + 40 + 40 +
8 57 + 57 + 57 + 57 + 57 + 57 + 57 +
9 47 46 46 45 44 44 44
10 53 52 53 54 54 53 52
11 65 + 65 + 65 + 65 + 65 + 65 + 59
12 67 + 67 + 67 + 67 + 67 + 63 61
13 65 + 65 + 65 + 65 + 65 + 64 63
14 58 58 58 60 60 59 59
15 59 57 57 59 58 58 57
16 58 57 57 58 58 57 57
17 66 + 66 + 66 + 66 + 66 + 66 + 66 +
18 61 + 61 + 61 + 61 + 61 + 61 + 61 +
19 58 + 58 + 58 + 58 + 58 + 58 + 58 +
20 62 + 62 + 62 + 62 + 62 + 62 + M
21 60 + 60 + 60 + 60 + 60 + 60 + 60 +
22 59 59 58 60 60 60 59
23 65 + 65 + 65 + 65 + 65 + 58 49
24 66 + 66 + 66 + 66 + 66 + 66 + 66 +
25 52 + 52 + 52 + 52 + 52 + 52 + 52 +
28 56 55 54 56 55 55 54
27 46 45 45 47 46 46 46
28 66 + 66 + 66 + 66 + 66 + 66 + 66 +
29 70 + 70 + 70 + 70 + 70 + 66 60
30 59 58 58 60 59 59 58
31 66 + 66 + 66 + 66 + 66 + 68 + 66 +
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FROST DEPTH (cm)
1250 METER STAND
Tube 3/15 3/21 3/29 4/04 4/09 4/16 4/N o . D a y 139 D a y 145 D a y 153 D a y 159 D a y 164 D a y 171 Da
1 53 49 42 38 0 0 0
2 M M M M M M 0
3 40 39 36 34 31 0 0
4 65 + 65 + 65 + 61 59 0 0
5 74 + 74 + 68 66 65 0 0
6 64 + 64 + 60 60 57 0 0
7 40 + 40 + 40 + 40 + 0 0 0
8 56 55 52 51 0 0 0
9 43 42 40 39 37 0 0
10 50 48 46 44 42 0 0
11 58 56 53 51 0 0 0
12 55 51 45 0 0 0 0
13 61 55 52 0 0 0 0
14 58 56 53 50 47 0 0
15 55 55 44 41 0 0 0
18 56 54 50 47 0 0 0
17 66 + 58 56 50 45 0 0
18 61 + 61 + 61 + 61 + 61 0 0
19 58 + 58 + 58 + 58 + 58 0 0
20 62 + 62 + 62 + 54 50 O 0
21 M M M M M M 0
22 58 57 54 52 50 0 0
23 47 41 36 0 0 0 0
24 66 + 61 55 53 51 0 0
25 52 + 52 + 52 + 52 + 46 0 0
26 53 51 48 45 40 0 0
27 45 43 41 39 37 0 0
28 66 + 62 59 56 52 0 0
29 58 57 51 0 0 0 0
30 57 55 53 51 48 44 0
31 66 + 66 + 61 57 57 0 0
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FROST DEPTH (cm)
1800 METER STAND
Tube 11/02 11/07 11/11 11/15 11/19 11/22 12/03N o . Day 6 Day 11 Day 15 Day 19 Day23 Day26 Day37
1 1 M M M M M M
2 1 1 4 6 7 8 M
3 0 0 0 2 4 7 13
4 M M 5 8 8 9 14
5 6 5 8 10 1 1 13 19
6 4 0 2 7 10 13 197 4 2 6 8 a 9 138 11 M 6 8 8 10 13
9 4 4 6 7 7 8 11
10 M M 6 15 9 11 16
11 4 0 2 5 6 8 13
12 M M M 12 16 15 20
13 2 0 2 6 6 8 13
14 M M 6 8 8 9 11
15 1 0 4 7 9 10 14
16 M M 5 7 8 9 13
17 M M 6 9 9 11 17
18 3 6 8 12 16 17 21
19 0 0 0 1 3 6 12
20 2 0 4 8 9 11 13
21 3 3 6 9 11 13 19
22 M M 6 8 9 11 15
23 1 1 6 7 7 9 14
24 M M M M M M 17
25 3 3 7 7 7 9 11
26 1 0 0 2 3 7 12
27 0 0 0 2 2 4 8
28 2 0 5 11 13 15 20
29 M M 7 9 11 13 17
30 1 0 1 4 7 10 16
31 4 0 1 4 4 5 13
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FROST DEPTH c cm )
1800 METER STAND
Tube 12/ 10 12/16 12/23 12/30 1/10 1/17 1/27N o . Day44 Day 50 Day57 Day64 Day75 Day82 Day92
1 M M M M M M M2 16 16 16 16 17 16 15
3 12 13 13 12 14 13 11
4 14 16 15 15 17 16 15
5 19 20 20 20 M 21 21
6 18 20 19 19 M 19 M
7 12 12 12 12 13 12 11
8 13 13 12 13 14 13 12
9 11 11 10 10 10 9 8
10 13 13 13 14 13 12 11
11 13 13 13 13 13 13 12
12 23 22 22 22 22 22 22
13 12 13 11 12 12 10 9
14 10 10 9 9 9 9 7
15 13 14 13 13 13 13 11
16 12 13 12 12 12 11 9
17 17 17 16 16 16 16 14
18 21 22 21 22 21 21 19
19 13 14 14 14 15 14 13
20 13 13 13 13 13 13 12
21 19 19 19 19 20 20 19
22 15 15 15 15 16 15 14
23 13 13 13 12 12 12 10
24 16 17 16 15 15 14 11
25 10 9 8 8 7 6 5
26 11 11 10 9 9 8 5
27 7 7 7 6 6 5 3
28 23 22 22 22 23 23 23
29 17 18 18 18 19 18 17
30 16 17 17 17 18 18 18
31 15 16 15 14 16 16 14
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FROST DEPTH icm)
1800 METER STAND
Tube 2/01 2/08 2/14 2/24 3/03 3/06 3/N o . Day96 D a y 104 D a y l 10 D a y 120 D a y 127 D a y 130 Day
1 M M M M M M M2 15 13 15 16 15 15 153 11 9 12 13 12 12 114 15 14 17 19 18 18 185 20 19 19 20 20 19 19
6 21 17 19 21 20 19 18
7 11 10 12 12 11 11 11a 11 11 12 13 13 12 12
9 7 7 8 8 8 7 7
10 11 10 11 12 11 11 10
11 11 11 11 11 11 1 1 11
12 21 20 20 20 20 20 20
13 8 7 11 10 9 8 7
14 7 6 6 8 7 7 6
15 11 10 12 12 11 10 10
16 8 8 11 10 9 7 5
17 14 13 14 14 14 14 14
18 19 18 19 20 20 19 19
19 13 12 12 13 13 13 12
20 12 11 11 12 11 11 11
21 19 18 18 19 19 18 18
22 14 13 13 13 13 12 12
23 10 9 10 10 9 8 8
24 10 8 13 13 12 11 9
25 4 5 7 6 4 4 2
26 4 3 4 4 3 3 2
27 3 0 3 4 3 3 2
28 23 23 24 26 26 26 25
29 17 16 18 19 18 18 18
30 17 16 18 19 18 18 18
31 14 13 14 14 14 14 13
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FROST DEPTH (cm)
1800 METER STAND
Tube 3/15 3/21 3/29 4/04 4/09 4/16 4/:N o . D a y 139 D a y 145 D a y 153 D a y 159 D a y 164 D a y 171 Da
1 M M M M M M M2 14 13 11 11 0 2 03 11 10 9 8 0 0 04 17 16 15 14 11 4 0
5 19 18 17 16 0 0 0
8 17 16 14 14 12 6 0
7 lO 10 9 2 0 0 0
8 11 10 9 8 0 0 0
9 6 5 4 0 0 0 0
10 11 11 10 1 0 0 0
11 10 10 9 8 0 O 0
12 19 19 19 18 16 9 0
13 7 5 4 0 0 0 0
14 5 4 0 1 0 O 0
15 9 8 7 0 0 0 0
16 4 3 O 0 0 0 0
17 13 12 0 0 0 0 0
IS 18 18 16 15 0 0 0
19 12 12 12 11 0 0 0
20 10 9 8 4 0 0 0
21 18 18 17 16 0 0 0
22 11 10 9 7 0 1 0
23 7 7 0 2 0 0 0
24 7 7 0 2 0 0 0
25 1 1 0 2 0 0 0
26 1 0 0 0 0 0 0
27 0 0 0 0 0 0 o
28 25 24 23 22 0 0 0
29 17 17 16 3 0 0 0
30 17 17 16 15 0 0 0
31 13 12 12 11 11 0 0
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APPENDIX B
MEAN SNOW DEPTH
MEAN SNOW DEPTH (.cm)
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Da te Samp ling 
Day
1250
CC
1250
STAND
1800
CC
1800
STAND
11/02 Day 6 0 0 1 0
11/07 Day 11 0 0 12 10
11/11 Day 15 4 3 IS 13
11/15 Day 19 1 1 13 9
11/19 Day23 1 1 18 13
11/22 Day26 6 4 23 17
12/03 Day37 19 15 38 30
12/10 Day44 22 20 36 27
12/ 16 D a y50 20 16 36 28
12/23 Day57 20 14 35 26
12/30 D a y 6 4 19 13 34 24
1/10 Day75 25 18 42 29
1/17 Day82 28 20 47 32
1/27 Day 9 2 34 23 51 31
2/01 Day96 31 21 47 27
2/08 D a y 104 28 21 48 29
2/ 14 D a y 110 41 31 66 41
2/24 D a y 120 45 34 84 54
3/03 D a y 127 30 20 61 29
3/06 D a y 130 17 13 65 22
3/10 D a y 134 5 4 47 17
3/15 D a y 139 1 2 47 16
3/21 D a y 145 0 0 43 10
3/29 D a y 153 0 0 22 0
4/04 D a y 159 0 0 34 10
4/09 D a y 164 0 0 0 O
4/16 D a y 171 0 0 2 1
4/20 D a y 175 0 0 0 0
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APPENDIX C
SURF ICIAL THAW DEPTH
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S U RFICIAL THAW DEPTH tcm)
1250 METER CLEARCUT
Tube 3/10 3/15 3/21 3/29
N o . D a y 134 D a y 139 D a y 145 D a y 153
1 0 1 10 21
2 0 3 14 27
3 1 6 16 thaw
4 7 15 25 35
5 0 6 15 23
6 2 12 24 thaw
7 6 11 23 thaw
8 0 9 18 thaw
9 0 4 13 thaw
10 1 6 17 thaw
11 2 14 23 thaw
12 0 0 10 thaw
13 0 2 14 thaw
14 0 0 14 thaw
15 0 7 18 thaw
S URFICIAL THAW D]
1800 METER CL]
Tube 3/06 3/ 10
N o . D a y 130 D a y 134
1 0 0
2 O t haw
3 0 0
4 0 0
5 0 0
6 0 0
7 0 0
8 0 0
9 thaw t haw
10 0 0
11 2 thaw
12 t haw t haw
13 thaw thaw
14 thaw t haw
15 1 1
16 1 1
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S U R F I C I A L  THAW DEPTH (cm)
1250 METER STAND
Tube 3/06 3/10 3/15 3/21 3/29 4/04 4/09N o . D a y 130 D a y 134 D a y 139 D a y 145 D a y 153 D a y 159 D a y 164
1 0 0 0 0 10 17 thaw2 M M M M M M M
3 0 0 0 5 14 17 25
4 0 0 0 4 13 16 25
5 0 1 2 10 18 23 37
G 0 0 0 6 17 27 37
7 0 2 2 10 17 22 thaw
3 0 0 0 0 12 22 thaw
9 0 0 0 2 12 16 21
10 0 4 6 10 16 19 23
11 0 0 0 4 12 18 t haw
12 0 0 1 9 21 thaw thaw
13 0 0 0 7 19 thaw thaw
14 0 0 0 5 15 18 23
15 O 0 0 0 8 13 thaw
16 0 0 0 2 12 17 thaw
17 0 0 2 8 15 17 22
18 0 2 3 12 18 24 35
19 0 0 2 7 16 20 29
20 0 0 2 7 16 25 35
21 0 0 M M M M M
22 0 0 0 3 12 14 18
23 o 2 0 5 14 thaw thaw
24 0 O 3 9 17 19 27
25 0 0 1 4 11 15 23
26 0 O 0 0 12 17 27
27 0 0 0 0 9 13 20
28 0 0 0 0 6 10 21
29 0 O 0 5 17 thaw thaw
30 1 2 0 5 15 16 20
31 0 0 0 5 14 18 29
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S U R F I C I A L  THAW DEPTH (cm)
1800 METER STAND
T ube 3/15 3/21 3/29 4/04 4/09 4/ 16N o . D a y 139 D a y l 45 D a y 153 D a y 159 D a y 164 D a y 171
1 M M M M M M
2 0 0 0 5 thaw thaw
3 0 O 2 4 thaw thaw
4 0 0 6 1 10 0
5 0 0 4 8 thaw t haw
6 0 O 6 7 11 5
7 0 0 6 0 thaw thawa 0 0 4 6 thaw thaw
9 0 0 2 thaw thaw thaw
10 0 0 10 0 thaw thaw
11 0 0 0 0 thaw thaw
12 0 0 11 13 15 7
13 O 0 2 thaw thaw thaw
14 0 0 t haw thaw t haw thaw
15 0 0 6 t haw thaw thaw
16 0 0 thaw t haw thaw thaw
17 0 o thaw thaw thaw thaw
18 0 0 10 11 t haw t haw
19 0 0 6 6 thaw thaw
20 0 0 0 0 thaw thaw
21 0 0 7 9 thaw thaw
22 0 0 3 6 thaw thaw
23 0 0 thaw 0 t haw thaw
24 0 0 thaw 0 thaw thaw
25 0 0 t haw 0 thaw thaw
26 0 thaw thaw t haw thaw thaw
27 0 thaw thaw thaw thaw thaw
28 1 5 13 16 thaw t haw
29 1 5 12 0 thaw thaw
30 0 1 6 10 t haw thaw
31 0 0 0 0 6 thaw
